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The inevitable impact of a global shortage of freshwater resources on primary industries is 
becoming increasingly apparent to policy makers, producers and consumers alike, 
particularly in arid-zone countries such as Australia. The response of this industry sector in 
terms of introducing innovative, water-use efficient production systems, is critical to 
meeting long term ecological sustainability imperatives for food security, economic growth 
and overall wellbeing of the world’s population.  
This compelling need for more profitable and sustainable use of often limited, highly 
valuable water resources in arid zone regions of the world, substantively underpins the 
rationale for adopting an integrated systems approach to future, industrial-scale, irrigated 
agrifood production. As a largely non-consumptive user of water for primary production 
purposes, integration of aquaculture within such systems, designed to facilitate farm-based, 
multiple water-use, value-adding and resource recovery applications, is arguably one of the 
few logical, acceptable and realistic options for further major development of the irrigation 
sector in Australia. 
More specifically, the positive sustainability lessons learnt from traditional, integrated 
practices for aquatic food production, predominantly for subsistence purposes in many 
developing countries, are now being considered to address the negative sustainability 
impacts of contemporary, commercial-scale, irrigated agriculture in some developed 
countries, including Australia. The likely outcome is a future scenario in which industrial 
scale, integrated agri-aquaculture systems (IAAS) may be developed and implemented in 
arid zone irrigation regions of the world to achieve both profitable and sustainable primary 
production (terrestrial and aquatic alike), in what are often highly sensitive, resource 
limited landscapes. 
In Australia, irrigation water is under utilised within conventional farming systems (i.e. 
typically single-use only), and saline groundwater and nutrient-rich, urban wastewater 
typically are managed as waste products with limited use and value. All such water 
resources however have the potential to increase in value and sustainability through 
application of IAAS. This potential includes the ability of IAAS to offset demand for 
freshwater resources, increase farm profitability through generating additional revenue, 
and offset irrigation management and infrastructure costs, without any net increase in 
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water consumption and external impacts. Additional competitive advantages for IAAS 
likely to facilitate diversification and growth of existing agribusiness are based on the fact 
that much of the cost of major aquaculture capital (land, water and associated 
infrastructure) has already been borne or largely offset by existing agriculture. 
Furthermore, the additional business/logistics, production/husbandry, post-
harvest/processing and marketing skills and networks often already substantively exist 
also.  
The existing framework for agricultural water use and management in Australia however is 
insufficient to facilitate broad-scale, multi water-use practice change of this type. On this 
basis it is suggested that a new conceptual framework is required for water resource 
management in the irrigation sector compatible with development of an integrated, multi 
water-use/resource recovery-based systems approach based on IAAS. Such a framework 
can then ‘characterise’ the need and opportunity for IAAS, articulate the key mechanisms, 
guide policy development, stimulate industry investment, community support and cost-
effective innovation, and ultimately provide overall, cost-effective ‘triple-bottom line’ 
social, environmental and economic impacts across an acceptable spatial and temporal 
scale in Australia.  
From an inland aquaculture perspective, IAAS potential in Australia is likely to be realised 
on the basis of a combination of freshwater, native and introduced species, including the 
endemic and iconic Murray cod, Maccullochella peelii peelii (Mitchell). This species is the 
premier, wholly inland fish species in Australia, widely recognised for its recreational, 
cultural, commercial, biodiversity and culinary value. Murray cod has proven to be a 
suitable candidate for aquaculture, displaying numerous, beneficial (practical, 
economically viable and marketable) ‘value chain’ traits and a high degree of versatility 
under a range of environmental conditions, production system designs and levels of 
production intensity (extensive, semi-intensive and intensive). Under IAAS conditions 
Murray cod are thought to have potential as a high value species to underpin large-scale 
industry growth and development in Australia for production of domestic and export 
quality table fish; perhaps in the order of several thousands of tonnes (tens of millions of 
dollars gross value) per annum. Despite this potential, presently there are no established 
(>3-5 yrs), commercially viable, industry-scale (>50-100 tonne pa of marketable product) 
IAAS applications producing cultured finfish in Australia.  
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The primary objective of the present study was to explore feasibility through undertaking 
evaluation of the adoption of an integrated agri-aquaculture systems (IAAS) approach to 
multiple water-use within Australian agricultural landscapes, with emphasis on adding 
value and sustainability to water in the irrigated horticulture sector. To address this 
objective, the present study undertook development, demonstration and evaluation of a 
pilot-scale, ‘commercial’ case-study of IAAS-based open-water (i.e. subject to largely 
ambient environmental conditions) production of cage-reared Murray cod (hereafter 
referred to as ‘open-water production’) in the Sunraysia Irrigation Region of north-western 
Victoria. 
Investigations included a review of the literature primarily relevant to agricultural water-
use, globally and in Australia, IAAS principles, practices and current status in arid/semi-
arid landscapes, including Australia, and status of inland aquaculture in Australia with 
emphasis on farming of Murray cod. A new conceptual framework was presented to 
address agricultural water-use sustainability imperatives in the irrigated agriculture sector, 
using irrigated horticulture as a practical example. This framework features an IAAS-based 
approach to multiple water-use, such as the integration of open-water production of 
Murray cod in which irrigation water is first used non-consumptively to farm fish and then 
subsequently for horticulture.  
Other investigations were focused around the IAAS-based, open-water Murray cod 
production case study, and featured three key components.  The first was to develop, 
demonstrate and evaluate production system design and operational specifications, 
environmental conditions, product quality and marketability and associated management 
information under pilot-scale commercial conditions.  This case study also established 
relevant baseline data to inform related environmental and bioeconomic investigations as 
part of the other two key components of the present study, thereby ensuring that key 
findings were appropriately validated and informed by ground-truthing where at all 
possible.  The environmental investigations focused primarily on in situ (storage reservoir) 
water quality impacts, in particular nutrient dynamics, and associated fish production 
capacity and potential for ‘farm-scale’ fertiliser offsets (i.e. net reduction in application of 
fertiliser-based nutrients for horticulture through use of soluble, nutrient rich aquaculture 
waste discharged to irrigation water).  The bioeconomic investigations analysed cost-
benefit of selected production, management and market scenarios for a ‘virtual’ production 
system, but otherwise all based to varying degrees on actual case study data.  
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Results from the case study and associated environmental and bioeconomic analyses 
indicate that an IAAS-based approach to open-water production of Murray cod is 
technically feasible subject to certain design and operational constraints.  The latter include 
the effectiveness and efficiency of culture system type and design, level and type of culture 
system management and associated fish husbandry and marketing, and irrigation system 
type and design, operation and management.  It is also shown that such production is both 
economically feasible and environmentally sustainable at the farm-scale, but also with 
potential for expected continuous improvement and innovation with advances in culture 
system technology, fish husbandry, marketing and operational integration between 
aquaculture and irrigated horticulture systems and procedures.  
In conclusion, the open-water production Murray cod is a relatively new innovation as a 
stand-alone enterprise in the Australian inland aquaculture industry, and indeed also as part 
of an IAAS enterprise within the Australian irrigated horticulture industry. Given the 
potential and relative uniqueness of farmed Murray cod for both domestic and export 
markets, the approach developed, demonstrated and evaluated in the present study has both 
national and international significance. In this context, the present study provides the first 
detailed analysis of the technical requirements, environmental impacts and bio-economic 
feasibility of IAAS-based, open-water production of Murray cod. The collective key 
findings and conclusions from the present study provide a conceptual framework and 
ground-truthed, benchmark database and relevant modelling tools and analysis across 
multiple parameters which are intended to inform policy development, management 
planning, investment decisions, production system design and farm management decisions. 
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The inevitable impact of a global shortage of freshwater resources on primary industries is 
becoming increasingly apparent to policy makers, producers and consumers alike, 
particularly in arid-zone countries such as Australia. The response of this industry sector in 
terms of introducing innovative, water-use efficient production systems, is critical to 
meeting long term ecological sustainability imperatives for food security, economic growth 
and overall wellbeing of the world’s population.  
This chapter describes the potential for adopting an integrated, multiple water-use 
approach to irrigated agriculture and aquaculture in Australia for the purpose of adding 
value and sustainability to water. It reviews the literature which describes the practices and 
principles of integrated aquaculture (IA), the logic and key drivers underpinning IA 
application in Australia, with emphasis on the Integrated Agri-Aquaculture Systems 
(IAAS) model with most relevance to Australian conditions, and proposes a new 
conceptual framework for industry-scale, strategic IAAS development in Australia. 
ͳǤͳǤͳ 
ǡƬ
It is estimated that more than two thirds of global freshwater resources (approximately 35 
million km3) are in the form of snow and ice concentrated around the two poles or at high 
altitude, leaving less than a third as ‘accessible’ surface and sub-surface water and 
moisture (Shiklomanov and Rodda, 2003). More importantly, estimates of the amount of 
freshwater available globally to replenish rivers, lakes, aquifers and wetlands, and 
therefore potentially available for diversion, is only 41,000 km3(<0.004%) of the total 
water resource on earth (Shiklomanov, 1993; Stiassny, 1996; Smith, 1998).  
Peak Ecological Water, Virtual Water and Water Footprint 
Moderate to high ‘water stress’ presently applies to about one-third of the world’s 
population, with this ratio projected by some sources to increase to two-thirds by 2025. In 
C h a p t e r  1  |  P r i n c i p l e s ,  P r a c t i c e s  a n d  C o n c e p t s |  2  
this context, the concept of ‘peak ecological water’ (the point beyond which increased 
water appropriations by humans will result in a proportionately rapid decline in overall 
social and ecological value of water) is proposed as an emerging global reality which 
warrants management consideration (Palaniappan and Gleick, 2009). To what extent such 
a concept may be real or perceived for freshwater resources, has in large part to do with the 
geographic break-down of demand for consumptive and non-consumptive uses from 
available sources, including natural and stored surface waters, groundwater and rainfall. 
Either way, once extraction of water exceeds natural rates of replenishment wherever and 
by whatever means, the only long term, sustainable management options are to reduce, 
move or shift demand (Palaniappan and Gleick, 2009).  
Hoekstra and Chapagain (2008) suggest that the concept of ‘virtual-water content’ 
(quantity of water used to produce a commodity and thereby embedded in products 
throughout the supply chain) has the potential to influence water policy at a national level. 
They also suggest the related ‘water footprint’ concept (indicator of water-use in relation to 
consumption of commodities) has the potential to influence consumer behaviour at the 
level of international trade. If so, it is instructive to consider the relative merits of 
compatible consumptive and non-consumptive water-use production systems in selected 
primary industries.  
Global water use is estimated to be 7,451 x 109 m3/yr, of which > 85% is used by the 
agricultural sector, or > 77% of the total global virtual-water exported through 
international trade in agricultural commodities (Hoekstra and Chapagain, 2008). A 
Schematic summary of global water resources, showing source, total availability, 
abstraction and consumptive use by agriculture relative to other users (Shiklomanov and 
Rodda, 2003; IBRD, 2010) is provided in Figure 1-1. The increasing number of countries 
experiencing severe water stress has led to increased global demand for enhanced water-
use efficiency in the agricultural sector, as the major consumer of available fresh water 
resources (Dugan et al., 2009). 
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At the present time, Australia is reported globally as having the second highest net water 
loss as a result of international trade in agricultural products behind the USA. Australia has 
a net virtual-water loss via export of agricultural commodities (combined crop and 
livestock products) of 46.3 x 109 m3/yr after allowing for only 3.9 x 109 m3/yr of virtual-
water imports for these same commodities. The estimated ‘internal’ per capita water 
footprint for agricultural goods in Australia is almost 18 times the ‘external’ footprint, 
further indicating the relatively large agricultural demand on limited natural water 
resources within Australia (Hoekstra and Chapagain, 2008). Major determinants of water 
footprint are absolute water consumption, consumption patterns, climate and agricultural 
practice (Hoekstra and Chapagain, 2008); latter as measured by water-use efficiency (DSE, 
2003) or overall production per unit of water used. In this circumstance, the potential for 
water savings through international trade in agricultural commodities with a reduced 
virtual-water content and associated water footprint is perhaps self-evident.  
Of all the continents, Australia (including Oceania) has the least amount of freshwater 
available for diversion at an estimated 2360 km3/yr, but also has the highest per capita 
availability at an estimated 82.2 m3/yr (Nguyen and De Silva, 2006). Chartres and 
Williams (2006) suggest that the export of virtual water as food, despite the apparent 
abundance for agricultural production as measured by per capita availability, may be to the 
detriment of the environment. 
The National Water Initiative (NWI) of the Council of Australian Governments (COAG) 
confirmed government responsibility to ensure water in Australia is allocated and used to 
achieve socially and economically beneficial outcomes in a manner that is environmentally 
sustainable. The NWI recognised the continuing national imperative in Australia to 
increase water-use efficiency and productivity (amongst other things), in part through 
gaining knowledge and capacity building in improvements in farm, irrigation systems and 
water-use efficiency (COAG, 2004). 
During 2004/05 Australian water consumption (extracted i.e. not including rainfall) was 
18,767 GL, of which 12,191 GL, or 65%, was consumed by the agricultural sector (ABS, 
2006). The majority of agricultural water is consumed in the major irrigation regions of the 
Murray-Darling basin in Victoria, NSW and Queensland, where only 6.1% of the national 
run-off occurs. Agricultural consumption of water in the Murray-Darling Basin was 
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estimated to be 84.7% of total Australian agricultural use in 2004/05. Irrigated land 
represented only 0.5% (about 2 million ha) of all agricultural land in Australia, but 
contributed 23% of the total gross value of agricultural commodities (ABS, 2006) and 
about 50% of the profit from agriculture (ABS, 2006; Chartres and Williams, 2006). More 
recently, the combined effects of drought and restricted irrigation allocation resulted in 
almost a 50% decrease in agricultural consumption to 6,989 GL by 2007/08 (ABS, 2009), 
although the irrigated agriculture sector in the Murray-Darling basin remains by far the 
greatest user of water in Australia.  
The present study was undertaken during prevailing drought conditions within the Murray-
Darling Basin in south-eastern Australia (CSIRO, 2012); the so-called ‘Millennium’ 
drought (1997-2009). According to (CSIRO, 2010, 2012) this drought was the driest period 
since reliable climate records have been kept, with an annual rainfall decline on average 
across south-eastern Australia of 12% compared to the long-term (1900-2010) average, and 
with distinctive changes in year-to-year rainfall variability and the seasonality of rainfall. It 
had a major influence on market pricing of water for irrigation and by association the 
productivity and profitability of the irrigated farming sector in south-eastern Australia 
(such as irrigated horticulture in the Sunraysia Irrigation Area of Victoria) during the 
period of the present study. According to the most recent projections, Australian 
temperatures are expected to continue to warm under the influence of long-term climate 
change, rising by 0.6 to 1.5°C by 2030 compared with the climate of 1980 to 1999, and 
average rainfall in southern Australia is projected to decrease, with a likely increase in 
drought frequency and severity (CSIRO, 2012). 
ͳǤʹ ǡ
Irrigated agriculture and inland aquaculture are two primary industry sectors which equally 
are critically dependent on reliable access to cost-effective, ‘fit-for purpose’ water supply. 
Simply put, and excluding evaporation loss, irrigated agriculture is a consumptive (i.e. 
effectively single use, where water use = water consumption) and large-scale water user in 
absolute terms. By comparison, inland aquaculture is typically non-consumptive (i.e. 
mostly conjunctive re-use, where water use  water consumption) and relatively small-
scale water user in absolute terms. Both practices support economically viable rural 
enterprise, regional development and associated rural communities in Australia, but with 
vastly different scales of investment and economic return (i.e. agriculture relatively large 
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c.f. aquaculture). Both sectors also have varying external impacts on the environment at 
local, catchment and basin scale, arguably at a scale concomitant with the economic 
benefits. It is suggested that a compelling case exists for the two sectors to more 
strategically align to address Australia’s increasingly deficient water resources.  
Dugan et al. (2006) refer to ‘water productivity’ as a useful tool for considering optimal 
provision of (ecosystem) services from agricultural water, but that such consideration also 
needs to incorporate productive benefits arising from fisheries and aquaculture use, in 
addition to outputs from traditional water users such as agriculture. As a non-consumptive 
user of water, it logically follows that fisheries and aquaculture production can be 
integrated into agricultural systems to achieve net positive gains overall to water 
productivity (Dugan et al., 2006). Chartres and Williams (2006) advocate an integrated, 
whole-system approach to managing water supply, consumption, re-use and environmental 
needs at a catchment scale in Australia. The farm-scale analogy to integrated, whole-
system planning and management of water, salinity and nutrients is well established in 
Australia, but is typically focussed on existing, established agricultural practices only, with 
limited scope for diversification into and integration with new and complementary primary 
industries, such as aquaculture.  
ͳǤʹǤͳ 
The adoption of a more integrated, systems approach to multiple water-use in compatible 
irrigated agriculture and freshwater aquaculture has the potential to minimise virtual water 
content and the water footprint of key agricultural commodities such as dairy, horticulture 
and some grains, with co-production of commercially valuable seafoods (Gooley and 
Gavine, 2003a). It could be reasonably assumed that where aquaculture is integrated into 
an existing irrigated agricultural production system, the virtual water content and water 
footprint of resultant aquaculture commodities is at least nil, if not a ‘negative’ value 
which could be credited to offset water consumption for the agricultural crop(s). Integrated 
aquaculture typically just ‘borrows’ the water (i.e. non-consumptive, conjunctive reuse), 
which ultimately is used for irrigation, together with potentially beneficial organic 
nutrients which may offset fertiliser (and associated water) costs. With this approach, 
potential exists to simultaneously enhance farm-scale water-use efficiency and achieve 
productivity gains (i.e. increase water ‘productivity’). Growing more, higher value food 
with less water (per unit of production) at a regional scale, by whatever means, can 
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ultimately alleviate water scarcity, contribute to food security and lessen the environmental 
externalities of agriculture (Chartres and Williams, 2006).  
In its simplest form, integrated aquaculture (IA) collectively describes systems, methods or 
concepts which incorporate various aspects of aquaculture production in which the 
resource outputs of one production stage, become the inputs of another; thereby 
encapsulating the principles of natural resource recovery and reuse or multiple use to 
enhance productivity and to reduce environmental impacts. Edwards et al. (1988) favours a 
broader, systems-based definition: “concurrent or sequential linkages between two or more 
human activity systems (one or more of which is aquaculture), directly on-site or indirectly 
through off-site needs and opportunities or both”. 
Integrated aquaculture is thought to have originated as a traditional, community-based 
farming practice in China more than 2000 years ago (Yang et al., 1994; Weimin, 2010). 
Integrated aquaculture became well established as a mainstream primary industry sector in 
China during the later stages of the 20th century (Yang et al., 1994; Wang, 1998; Weimin, 
2010), and elsewhere throughout Asia-Pacific (Little and Muir, 1987; Edwards et al., 1988; 
Mathias et al., 1998; Little and Muir, 2003). The design, performance and status of 
contemporary integrated aquaculture systems in China and elsewhere in Asia are well 
documented (Mathias et al., 1998), and typically feature the IA benefits of intrinsically 
efficient nutrient and associated energy flows, with consequent increase in production 
outputs and reduction in production costs and external environmental impacts. Wang 
(1998) states, “integrated fish farming (in China) has become a network of exchanges of 
material and energy. Although IA has recently declined quite considerably in the major 
aquaculture areas of China, some of the principles of traditional IA are being introduced 
into modern farming practices (Edwards, 2009).
Murray et al. (2002) describes a framework for research to investigate potential for 
integration of fish production into small and large-scale irrigation systems to alleviate food 
security and rural poverty issues in drought prone, semi arid areas of developing countries. 
This framework distinguishes between small, private, household and community-scale 
irrigation systems, and larger, industrial-scale systems under the control of external 
agencies. The underlying rationale is that simultaneous multiple use and high concurrent 
re-use of water through integration of fish production with existing irrigation systems may 
enhance overall basin level productivity of water. This in turn will provide tangible socio-
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economic benefits for otherwise resource poor local communities. Edwards et al. (2002) 
provide examples of commercially and economically viable integrated systems linking 
aquaculture and associated culture-based fisheries with irrigated agriculture within Asia. 
The sustainability of these systems varies according to various parameters including 
system design, location and productivity, market access, human capacity, availability of 
infrastructure and technology, prevailing climate etc. Nonetheless, many such systems are 
deemed to make a major contribution to offsetting rural poverty and associated food 
security problems within overt water deficit situations in developing countries in the Asia-
Pacific (Edwards et al., 2002; Murray et al., 2002)
The concept of integrated aquaculture and irrigation (IAI) (n.b. effectively a derivation of 
IA) is described by Cohen (1997) for Israel in such a way that dual use of water, first for 
fish production and then for irrigation, results in overall reduction of production costs and 
facilitates diversification into higher value products (fish). IAI practices in Israel are 
considered environmentally sustainable and commercially viable, despite severe water 
shortage and climate constraints (Cohen, 1997; Kolkovski et al., 2003). Cohen (1997) 
emphasises that IAI should be considered an integral component of both irrigation 
planning and, where appropriate, rehabilitation of irrigation projects. This assumes the 
basic premise of IAI that irrigated agriculture should not equate water soley with single use 
for irrigation of terrestrial crops, rather with the combined production of aquatic and 
terrestrial crops in order to maximise profitability. 
ͳǤʹǤʹ Ǧ

Practical application of IA (and by association IAI) in Australia primarily takes the form of 
IAAS, defined as aquaculture undertaken as part of an integrated agricultural production 
system; more specifically incorporating aquaculture with other commercial farm 
enterprises, infrastructure usage and management objectives as an integral, but not 
necessarily primary, component of an agricultural production system (Gooley, 2000). 
Gooley (2000) modified after Cohen (1997) also refers to IAAS as irrigation farming, 
agricultural water storage utilisation and aquaculture as part of integrated systems which 
are based on the multiple and more efficacious use of the same water; typically first for 
fish production and then for irrigation. Gooley and Gavine (2002) suggest that the most 
significant opportunity for IAAS application in Australia lies in the development of 
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commercial systems which link aquaculture and irrigated farming as integral production 
components under a common business management objective. In this Australian context, 
Gooley and Gavine (2002) proposed a revised definition of IAAS as “integration of 
aquaculture and irrigated farming systems to optimise the economic and environmentally 
sustainable use of existing energy, resources and infrastructure, supply chains and 
markets”. 
The rationale for IA applications in Australia to date includes the need to: 
• diversify existing irrigated farming enterprise for regional development purposes, 
particularly in the irrigated dairy, horticulture, rice and cotton sectors 
• offset management (including infrastructure and maintenance) costs of saline 
groundwater and urban and industrial wastewater, and  
• value-adding to otherwise underutilised saline groundwater and nutrient rich 
wastewater.  
Practical IA applications in Australia to date, either at pilot (experimental) and/or 
commercial scale, essentially include four relatively discrete, working models: 
• IA & Irrigation (pre-agri use by aquaculture of irrigation water by aquaculture; 
typically farm-based); also referred to as IAAS and Integrated Irrigation 
Aquaculture (IIA) 
• IA & Saline Aquifers (pre-agri/urban use by aquaculture of saline ground water; 
typically farm-based, but also includes applications within urban and catchment-
scale interception schemes); also referred to as integrated saline aquaculture (ISA) 
• IA & Wastewater Treatment (pre-agri/urban use by aquaculture of treated urban, 
industrial and/or agricultural wastewater); also referred to as integrated wastewater 
aquaculture (IWA) 
• IA & Geothermal Aquifers (pre/post-agri/urban use by aquaculture of geothermal 
groundwater; typically urban-based, but also includes farm-based applications; also 
referred to as integrated geothermal aquaculture (IGA). 
Application of IAAS in Australia primarily refers to the IA and Irrigation model above, but 
in practice can also include applications which incorporate the agricultural components of 
the models involving IA and saline/geothermal groundwater aquifers and wastewater 
C h a p t e r  1  |  P r i n c i p l e s ,  P r a c t i c e s  a n d  C o n c e p t s |  10  
treatment. In practice IAAS is a conceptual agribusiness management framework designed 
to facilitate: 
• a systems approach to practically linking aquaculture and agriculture within a 
production landscape, the mechanics of which are underpinned by principles of 
science (production and natural resource management) and economics 
(agribusiness planning and management), and 
• on-farm multiple water-use, farm diversification and resource recovery.  
IAAS is still a relatively new and emerging concept in Australian primary industries. 
Descriptions and definitions are quickly evolving to better reflect changed circumstances, 
particularly as water availability and environmental sustainability imperatives gain 
increasing prominence within agricultural landscapes in Australia. There is now a greater 
focus on the potential contribution of IAAS to supporting existing agri-food value chains 
and sustainable, industry development in regional Australia; a trend which is consistent 
with the preferred IAAS definition proposed by Gooley and Gavine (2002): 
Ƭǡ
Various desk-top and applied R&D investigations and pilot-scale demonstration trials have 
been completed into IAAS and associated IA models in Australia over the last two 
decades. Field trials undertaken in Victorian irrigation areas of the Murray-Darling basin in 
Victoria during the period 1994/95-1997/98 were reported collectively by De Silva et al. 
(2001), Gavine et al. (2000), Gooley et al. (2001b) and Aslan et al. (2008). These trials 
primarily involved the production of silver perch, Bidyanus bidyanus, and to a lesser extent 
rainbow trout, Onchorhynchus mykiss, reared in cages in irrigation channels, irrigation 
impoundments and storage reservoirs, on-farm irrigation storage ponds and saline 
groundwater storage tanks and evaporation basins. The underlying rationale for this work 
was based on the premise that integrated aquaculture systems are a cost-effective means 
for making multiple use of irrigation water, either in public lakes and reservoirs or on 
farms to produce fish for commercial sale.  

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
	
Growth and survival rates of silver perch varied significantly over time between systems, 
sites and husbandry parameters such as feed and stocking rates. Fish stocked at sites in 
north-central Victoria (Shepparton Irrigation District) during late spring/early summer, at 
mean weights of 6-134g and relatively low densities of 0.4-8.4 kg/m3, at the best sites grew 
to 40-238g mean weight over 23-28 weeks (Specific Growth Rates [SGRs] of 0.4-9.7% 
body weight per week; typically > 5%), after which mean weights declined due to cooler 
ambient temperatures or trials were otherwise terminated. Survival rates over these periods 
were between 0-97%, with survival rates typically >90% in later trials at the better sites. 
Likewise, water quality was generally adequate, but highly variable between sites and 
systems over time to the extent that reliable and cost-effective management would prove 
difficult under commercial conditions. Water quality externalities in the form of nutrient 
rich effluent were estimated using a simplified nutrient mass balance model, with site 
specific nitrogen (N) and phosphorus (P) levels deemed to be adequately assimilated 
within catchment scale nutrient budgets (Ingram et al., 2001; Gooley et al., 2001a; Gooley 
et al., 2001b).  
Organoleptic analysis of cultured silver perch, based on formal taste-panel analysis, 
indicated that quality of the finished product was significantly affected by site, was not 
affected by off-flavour, but did benefit from purging prior to harvesting and processing 
(Gooley et al., 2001b).  
Based on the results of the earlier Victorian trials, further IAAS trials were undertaken 
during 1999/2000 involving cage culture of larger (initial weight) silver perch in larger 
storage ponds and reservoirs located in north-western Victoria, under more optimal, 
ambient climatic conditions and with greater levels of water and culture stock management 
control. Fish stocked during midsummer, at mean weights of 156-254g and relatively low 
densities of 1.5-2.5 kg/m3, grew to 260-334g mean weight over 14 weeks (overall SGR of 
typically 5.3-8.3% body weight per week). Survival rates over this period varied between 
75-95%. It was concluded that growth rate was still below benchmark industry standards 
based on free-range pond culture of silver perch, but that potential exists for retrofitted 
cage culture of silver perch, and perhaps other species such as rainbow trout and Murray 
cod, Maccullochella peelii, in irrigation storage ponds in the Sunraysia Irrigation District 
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of north-western Victoria (Gavine et al., 2000); subject to further development of system 
design, management and fish husbandry.  

Cost-benefit analysis (Gooley et al., 2001a; Gooley et al., 2001b) suggests that system 
designs incorporating retrofitted cage culture of silver perch in irrigation storage reservoirs 
under semi-intensive conditions, hypothetically could be economically viable, based on 
projected financial indicators of Internal Rate of Return (IRR), Profit Margin (PM) and Net 
present Value (NPV). This analysis assumes that the water is already paid for by the core 
irrigation enterprise, and all critical aquaculture inputs and husbandry parameters (such as 
water and feed costs, feed conversion ratios, growth and survival rates) and market 
parameters (market price) are at least at average levels if not optimised at the top end of 
actual performance data. In practice this is unrealistic, and all conclusions by Gooley et al. 
(2001b) and Aslan et al. (2008) about economic feasibility of tested systems of the type 
and scale investigated in these trials are considered to be somewhat speculative and at best, 
indicative of potential economic returns from IAAS in a relative rather than absolute sense.  
De Silva et al. (2010) and Gooley et al. (2001b) also used catchment-scale analysis to 
relatively compare rates of discharge of P to the environment and Gross Margin (GM) 
economic returns per ha of surface area occupied and per ML of water utilised, for various 
forms of irrigated agriculture (dairy, viticulture and horticulture) and IAAS. The IAAS 
scenarios incorporated an ‘environmental levy’ (based on actual market unit rates to treat P 
loadings in wastewater prior to discharge inland waterways) as part of the GM analysis to 
internalise the cost of environmental externalities from discharge of nutrient rich effluent. 
The results indicated that rates and cost of P discharged to the environment from IAAS 
increased proportionately with tonnage of fish produced and Food Conversion Ratio 
(FCR), and exceeded existing horticulture and dairy in most cases on a per ha basis, but 
were consistent with or lower than dairy on a per ML of water use basis. GMs for IAAS 
scenarios were consistent with or greater than the irrigated agriculture sectors on both a per 
ha and per ML basis, inclusive of the full cost of P discharged to the environment for IAAS 
but not for irrigated agriculture. It is concluded that once the full cost of water-use 
externalities for the irrigation industry are factored in to catchment-scale socio-economic 
analyses in which nutrient budgets have been established, the commercial competitiveness 
and investment potential of IAAS is considerably enhanced against traditional, land-based 
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irrigated agriculture alternatives for which the intrinsically inefficient but otherwise routine 
single-use of water is still a reality. 

Practical limitations on the use of existing irrigation infrastructure for cage aquaculture 
were readily apparent at most sites. Sites located in public waters were subject to 
vandalism of equipment and theft of fish, opportunistic fish predation and harassment by 
co-habitant wild fish and piscivorous bird and wildlife populations, and fluctuating water 
levels, flows and quality subject to rainfall patterns and variable irrigation demands. In 
consideration of these issues, the highest survival and fastest growth rates were typically 
observed in floating cages located on farms in private, surface irrigation storage reservoirs 
during warmer months of the year, from late spring to early autumn. In summary, it was 
concluded that the trialled systems were technically feasible and environmentally 
manageable under semi-intensive conditions, but productivity, economic viability and 
environmental performance were otherwise highly variable and impacted by site location, 
system design, target fish species, and ambient climatic conditions due to seasonality 
(Ingram et al., 2000; Gooley et al., 2001a; Gooley et al., 2001b).  
By comparison, the reported performance of silver perch under IAAS conditions in 
Victoria during all trials fell well short of ‘best practice industry standards’ for stand-alone 
aquaculture of silver perch in purpose built systems based on free-range pond culture 
reported at more northerly climes, elsewhere in Australia (Rowland and Bryant, 1995; 
Rowland, 1998; Rowland and Bryant, 2003; Rowland, 2004; Rowland et al., 2004; 
Rowland et al., 2006; Rowland et al., 2007; Rowland, 2009) 

Rainbow trout reared in floating cages under IAAS trial conditions located in three 
Victorian irrigation reservoirs in the Shepparton Irrigation District of north-central 
Victoria, and stocked at mean weight of 103-114g with a mean density of approximately 5 
kg/m3, grew to a final mean weight of 180-372g over 17 weeks during spring 1997 (a mean 
SGR of 3.1-7.4%), with mean survival between 74-100% By comparison with silver perch 
in the same locations/systems and at similar stocking densities, but under differing 
seasonal conditions preferred for optimal growth of each species, rainbow trout grew faster 
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and with a higher mean survival rate at one reservoir only, with comparable performance at 
the other two (Ingram et al., 2000; Gooley et al., 2001a).  
It is known that various other combinations of finfish species and systems have been 
trialled, both experimentally and commercially, under partial to complete IAAS conditions 
in different irrigated agriculture sectors in Australia (e.g. Gooley et al., 2000; Gooley et al., 
2001a; Gooley et al., 2001b; Gooley and Gavine, 2003a; Gooley et al., 2007; Allan et al., 
2008; Partridge et al., 2008) but published accounts are mostly limited in the scientific 
literature and/or largely limited to anecdotal and descriptive accounts in industry 
periodicals and/or internal government technical reports. These applications include (but 
are not limited to): 
• barramundi (Lates calcarifer), silver perch, golden perch (Macquaria ambigua 
ambigua), Murray cod and Atlantic salmon (Salmo salar) in cage, pond and tank 
culture systems in surface and groundwater pumped, stored and impounded for 
irrigating pasture and crops collectively in Queensland, NSW, Victoria and 
Western Australia 
• silver perch, rainbow trout, Murray cod, longfin eels (Anguilla reinhardtii) and 
mulloway (Argyrosomus japonicus) in cage, tank and floating tank and raceway 
culture systems in freshwater and saline storage ponds and groundwater for 
irrigated pasture and crops (via conjunctive irrigation in case of saline 
groundwater) collectively in Queensland, NSW, Victoria, South Australia and 
Western Australia 
Various other finfish species have been trialled and limited production performance in 
Australia under specific ISA and IWA conditions, but with only limited relevance to IAAS 
development, evaluation and demonstration, and are not therefore reported here (see also 
following). 
The increased industry focus on development of Murray cod as a target species for 
commercial aquaculture in Australia over the last several years (Ingram et al 2004), 
includes consideration of potential for IAAS applications. The results of pilot-scale 
commercial trials have been preliminarily reported by Gooley et al. (2007), and form the 
basis of further publications in preparation by the author at the present time (see also 
following).  
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
Pilot projects which demonstrate aspects of IAAS in Australia, but which were otherwise 
designed with a more overt emphasis on aspects of ISA and IWA in particular, have been 
reported by Smith and Barlow (1999), De Silva et al. (2001), Allan et al. (2008), Partridge 
et al. (2008) and Gavine and Bretherton (2007) for ISA, and by Gooley (1999), Gooley et 
al. (2000), Gooley et al. (2006), Gavine et al. (2009), and Kumar (2000) for IWA. To the 
extent that the results of these trials are sometimes interpreted in the context of principles, 
practices and performance of IAAS, it can be concluded that the concept of IAAS can be 
readily adapted in a complementary way to many purpose-built ISA and IWA applications, 
through application of extensive and/or semi-intensive production systems including 
ponds, tanks and/or cages, to achieve multiple, value-added use of: 
• ISA - shallow, saline groundwater at farm and catchment scale 
• IWA - treated urban and industrial wastewater as part of third party-use reticulation 
system (i.e. adjacent to regional water authority waste treatment plant) 
In general, the details of target species and associated performance data, including fish 
growth, survival, product quality and market value, water quality impacts and overall 
economic viability from ISA and IWA Australian trials to date, are moderately informative 
to the overall body of IAAS knowledge in Australia. They are also otherwise quite specific 
to the nature and location of relevant ISA and IWA systems and resources of interest, and 
are not therefore addressed in any further detail in this paper.  
ͳǤʹǤ͵ 
According to Gooley and Gavine (2002) and Gooley and Gavine (2003b), despite the 
compelling, long term environmental imperatives dictating the need for farmers to make 
more efficient, multiple use of increasingly restricted and valuable, irrigation water 
resources, in all probability the final business decision by individual farmers as to whether 
they invest in agri-aquaculture integration will be primarily financial.  
A key driver for investment will be based on farm-level opportunities for profitable 
diversification of core irrigation business into conjunctive production of marketable 
seafoods, noting that in most cases, cost-benefit of evaluated IAAS models to date assume 
that there is no cost of water (or associated irrigation infrastructure) to the aquaculture 
enterprise. Rather, it is assumed that the water is already ‘paid for’ by the existing 
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irrigation enterprise and that aquaculture simply ‘borrows and returns’ it (i.e. conjunctive 
reuse), without any net increase in consumption. More recent trends in market pricing of 
irrigation water, which has seen dramatic increases in permanent and to a lesser extent 
temporary water entitlements in response to prevailing, long-term drought conditions 
within the Murray-Darling Basin, suggest that the availability and absolute cost of water 
are likely to be the most drivers of commercial IAAS investment into the future. 
Conversely, government and the community are more likely to consider the regional or 
catchment scale flow of benefits, and the attendant environmental benefits and risks before 
committing support to IAAS development (Gooley and Gavine, 2003b).  
Gooley and Gavine (2003b) describe IAAS investment risk and requirements for business 
planning and strategic industry development in Australia, and refer to instructive (for 
Australian industry development) IAAS examples and case studies based on the Israeli 
(Kolkovski et al., 2003) and Asian experience (Little and Muir, 2003); with the common 
underlying need in all countries for adding value and sustainability to agricultural water. 
Australian IAAS development is likely to be dictated by a unique combination of needs 
and opportunities; ultimately manifest in equally unique systems, species and ecologically 
sustainable business and natural resource management outcomes. Gooley and Gavine 
(2003b) conclude that effective management of the following key risks are essential for 
commercially successful application of IAAS principles and concepts in Australia: 
• Identification of optimal species, system design/capacity and production levels 
• Achievement of economies of scale through business networking 
• Making optimal and sustainable use of natural resources (particularly water) 
As previously stated, various partial/complete IAAS models have been trialled and/or 
implemented at pilot commercial scale in different primary industry sectors in Australia 
over the last two decades (e.g. Gooley et al., 2000; Ingram, 2000; Gooley et al., 2001a; 
Gooley et al., 2001b; Gooley and Gavine, 2003a; Gooley et al., 2007; Allan et al., 2008; 
Partridge et al., 2008), but to date, few have been commercialised and none have attained 
economic viability in the longer term (> 3-5 yrs). Most ‘commercial’ systems have 
encountered various problems, including some or all of issues relating to: 
• sub-optimal aquaculture production and excessive operating costs: often due to 
poor site, species and/or system selection and incompatibility with ambient climatic 
conditions 
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• lack of requisite aquaculture expertise and technical support: a problem which 
compounds previously mentioned issues, particularly where skilled and 
experienced personnel are not available; typically manifest in areas of fish 
husbandry, nutrition and health management 
• lack of critical mass due to insistence on operating relatively small-scale enterprise 
on stand-alone basis, without ‘value chain network’ support from other producers, 
buyers and service providers 
• inadequate market demand and/or return for fish: either due to poor quality, 
insufficient quantity or lack of market development and brand marketing 
• restricted water availability: due to lack of entitlement and/or increased market 
costs; impact of which is typically greater for irrigation enterprise in first instance  
• impacts on core irrigation enterprise: through inefficient, competing or otherwise 
incompatible use of personnel, resources and infrastructure; a problem often 
compounded by previous mentioned issues 
Presently, there are no established (>3-5 yrs), commercially viable, industry-scale (>50-
100 tonne pa of marketable product) IAAS applications producing cultured finfish in 
Australia.  
Consistent with IAAS status, and despite the likewise robust, ‘common sense’ logic and 
intrinsic sustainability merit of ISA and IWA concepts, and the myriad latent commercial 
opportunities, to date there are no documented examples of established, commercially 
viable, industry-scale ISA or IWA systems in Australia.  
The conclusions of Gooley and Gavine (2003a) that development of an effective IAAS 
capacity in Australia will see the greatest flow of benefits to rural and regional 
communities through investment and adoption of industrial-scale enterprise remain 
relevant, as is the stated requirement for institutional change and a fundamental paradigm 
shift within stakeholder agencies and individual farmers. In this context, a new framework 
for conceptualising eco-industrial water use in Australian agricultural landscapes, based on 
multiple water-use and IAAS, is considered necessary in order to facilitate requisite change 
in policy, investment and practice.  
ͳǤʹǤͶ ǡ
The opportunity cost of continuing traditional, single-use consumption of agricultural 
water in the face of increasing water scarcity and cost has prompted consideration of IAAS 
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as a viable, if not critically important means of farm diversification for the irrigation sector 
in Australia.  
In response to severe ongoing restrictions to annual irrigation allocations within the 
Murray-Darling basin, Gooley et al. (2007) utilised an IAAS approach to achieving 
multiple water-use in the irrigated horticulture and dairy sectors in northern Victoria. The 
purpose of this work was to develop, evaluate and demonstrate new, cost-effective IAAS 
production systems and high value species designed to enhance irrigation water-use 
efficiency, sustainability and overall profitability.  
The aquaculture production systems of choice for pilot-scale commercial trials (Gooley et 
al., 2007), otherwise referred to as ‘open-water’ production (i.e. subject to largely ambient 
environmental conditions), included semi-intensive (i.e. relatively low-medium stocking 
density < 50-100 kg/m3, compared with intensive stocking density > 100kg/m3)1, floating 
cages, raceways and tanks retrofitted to existing, large-scale, on-farm irrigation storage 
reservoirs located in the Sunraysia Irrigation Region near Mildura, north-western Victoria. 
The reservoirs were all privately owned,  approximately 1ha in surface area and 
approximately 100 Ml in capacity and purpose-built, fitted with fertigation systems (direct 
injection of soluble form fertilisers to irrigation reticulation systems) to supply drip 
irrigation mostly for intensive viticulture enterprise.  
The species of choice for these trials (Gooley et al., 2007) was Murray cod, which has 
previously proved to be technically and economically for intensive production in 
recirculating aquaculture systems (RAS) in south-eastern Australia under certain 
production and marketing specifications and related risk scenarios (Rawlinson, 2004; De 
Ionno et al., 2006).  
The IAAS trials conducted by Gooley et al. (2007) commenced in 2004 and were 
completed in 2007, and included monitoring of several complete Murray cod production 
cohorts from nursery production of juvenile stockers through to grow out and harvest of 
plate-size fish; the latter of which were sold commercially in both domestic and export 
markets to evaluate product quality and market demand and to validate farm-gate price of 
finished product. The results of these trials in terms of system productivity (fish growth 
                                                
1 Use of the terms extensive, semi-intensive and intensive aquaculture in the present study is broadly 
consistent with the definition of Appleford et al. 2012, in particular  the criteria relating to feeding regime, 
stocking density and  management control.  
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and survival), environmental impacts and economic viability are reported elsewhere as part 
of the present study. The outcomes of these trials have been attributed to the subsequent 
preparation of a comprehensive, industry development strategy for open-water cage culture 
of Murray cod (DPI, 2009). This strategy is designed to facilitate irrigated horticulture 
industry diversification and investment into adopting an IAAS approach to multi water-use 
in private irrigation storages in north-western Victoria; thereby adding value and 
sustainability to agricultural water. 
ͳǤʹǤͷ 
Aquaculture of Murray cod has been well established in Australia for several decades, 
albeit mostly for mass production of juveniles for stock enhancement (Ingram et al., 2004). 
Aquaculture production of Murray cod, specifically for domestic and export table fish 
markets, is more recent (Ingram et al., 2005a). Reliable and cost-effective hatchery 
techniques now utilised routinely by industry include both semi-controlled natural and 
artificially induced spawning, controlled environment egg incubation and larval/post-larval 
rearing, semi-intensive pond rearing of juveniles and intensive, tank-based, controlled 
environment grow out (Rowland, 1983; Cadwallader and Gooley, 1985; Rowland, 1988; 
Ingram and De Silva, 2004; Ingram et al., 2005a; Ingram and De Silva, 2007; Ingram, 
2009).  

Development of intensive, primarily tank-based Recirculating Aquaculture Systems 
(RAS), commercial aquaculture production technologies for Murray cod has been most 
comprehensively reported by Ingram and De Silva (2004), including fingerling production 
and grow out (Ingram, 2004), nutrition (De Silva et al., 2004a), water quality requirements 
(Boreham et al., 2004), disease and health management (Ingram et al., 2004), markets and 
marketing (Larkin et al., 2004) and economic analysis (Rawlinson, 2004).  
According to Ingram (2004), under intensive, tank-based RAS conditions, Murray cod are 
known to achieve market size (> 500g – 1 kg) in approximately 12-18 months at stocking 
densities ranging up to > 150kg/m3. Pelleted diets are based on relatively high fat, protein 
and overall energy content, and the combination of stocking density and feed loadings 
places considerable demand on requisite system design, husbandry and water quality 
management to achieve optimal growth and survival. 
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Additional innovations and technological developments in Murray cod aquaculture, 
primarily for RAS application, have also been reported for various aspects of nutrition and 
husbandry, feeding, product quality and sensory attributes (Palmeri et al., 2007; Ryan et 
al., 2007; Turchini et al., 2007; Palmeri et al., 2008a; Palmeri et al., 2008b; Turchini et al., 
2009), genetic characterisation and improvement (Loughnan et al., 2004; Rourke et al., 
2009), sexual development and controlled reproduction (Newman et al., 2007; Daly et al., 
2008; Ho et al., 2008; Newman et al., 2008; Newman et al., 2008). Collectively, these 
innovations and developments have contributed to more reliable and larger-scale, if not 
more cost-effective, RAS production of Murray cod table fish in Australia over the last 
decade. 
Ǧ
Ingram (2004) reported variable production performance for semi-intensive, cage-reared 
Murray cod under ambient conditions in relatively small, shallow ponds for 55-123 days 
during late summer –autumn, with mean specific growth rates ranging between 0.26-0.83 
% body weight/day, mean survival rates of 59-100% and mean FCRs of 1.5-2.68 at 
densities ranging up to 43 kg/m3. Fish stocked initially at between 100-200g grew to a 
maximum mean weight of between 200-300g over an 86 day period. Fish stocked at a 
larger mean size initially of approximately 350g grew to a mean size of about 500g over 
the same period. It was concluded that stocking densities and growth rates of cage-reared 
Murray cod were less than for intensive RAS-produced fish, but that potential exists for 
Murray cod to be reared successfully at densities > 43 kg/m3. Also, over relatively short, 
immediate pre-harvest periods, seasonal (> 160 C water temperature) cage rearing could 
effectively enhance quality (appearance) and final market value of fish previously reared 
indoors under RAS conditions (Ingram, 2004).  

Despite relatively high market value, attendant production costs are relatively high, and the 
cost-effectiveness of Murray cod production in RAS is considered to be marginal and high 
risk. De Ionno et al. (2006) undertook bio-economic analysis of Murray cod production 
within a commercial-scale RAS. Estimates of standard economic indicators (Payback 
Period, Net Present Value and Internal rate of Return) are provided based on actual 
industry capital costs, production performance and costs, and conservative ‘farm-gate’ 
market prices for finished product. The analysis concludes that economies of scale have a 
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major influence on economic viability, with ‘investor attractiveness’ not evident until 
facilities reach a production output of approximately 100 tonnes per annum. Scope for 
improving economic viability of RAS-based Murray cod production is expected with 
reduced capital costs, and increased productivity and market prices (De Ionno et al., 2006). 
Some investigations (Palmeri et al., 2008a; Palmeri et al., 2008b) and anecdotal 
information from industry sources suggest RAS-based Murray cod production also affects 
product quality due to ‘off-flavour’ from high organic loadings. Purging of live fish 
immediately prior to harvest to optimise product quality is therefore standard procedure. 
Rawlinson and Dalton (2003) estimated IRR and GM as indicators of economic viability 
for two IAAS models incorporating intensive, tank-based RAS and semi-intensive, cage-
based pond production of Murray cod. They conclude that both IAAS models are 
economically viable on a stand-alone basis to varying degrees, but that GM on both 
aquaculture and agriculture production increases markedly when evaluated on a ‘whole-of-
farm’ basis where fertiliser savings from on-farm re-use of aquaculture ‘wastewater’ for 
irrigation are factored in. This analysis reasonably assumes that there is no additional 
capital or recurrent costs to aquaculture for land or water, on the further assumption that 
these costs are already paid for by the irrigated agriculture component of the farming 
enterprise (Rawlinson and Dalton, 2003). 

At the present time in Australia, aquaculture production of Murray cod is estimated to be 
less than 150-200 tonnes per annum. RAS-based production of plate-sized fish represents 
only a small proportion of total output, but is gaining increased prominence as the system 
of choice for intensive, tank-based nursery production of juveniles for government stock 
enhancement programs and seed stock for commercial grow out of plate-sized fish for 
domestic and export markets.  
New investment in open-water cage culture of Murray cod as part of an IAAS approach to 
multi-use of irrigation water is now apparent in south-eastern Australia, particularly in the 
Sunraysia Irrigation Region and the mid-Murray areas of the Shepparton Irrigation Region 
in north-west Victoria. Open-water cage culture of Murray cod as part of an IAAS is 
considered to provide industry with various advantages including scope for large 
economies of scale (>50-100 tonnes per annum), lower production costs (using land, 
infrastructure and water already paid for by existing horticulture enterprise) and premium 
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product quality and market pricing for fish effectively grown under ambient (‘natural’) 
environmental conditions (Gooley et al., 2007; DPI, 2009).  
ͳǤ͵ Ǧ

ͳǤ͵Ǥͳ 
Edwards (1998) and Edwards (2003) conceptually describe the linkage between natural 
and agricultural ecosystems, containing both living organisms and a non-living 
environment, and with varying degrees of sustainable productivity, internal recycling and 
transport of energy and nutrients across ‘leaky boundaries’. Edwards (1998) asserts that 
natural ecosystems alone (nil agricultural productivity/impacts) are characterised by 
relatively limited import and export of energy and nutrients, with significant internal 
recycling to naturally maintain system balance. Conversely, agro-ecosystems have larger 
import and export of materials, the magnitude of which is directly proportional to the 
agricultural productivity of the system and, by inference, inversely proportional to 
sustainability. According to this design (Edwards, 1998), modern agro-ecosystems have 
become unsustainable due to excessive ‘leakiness’ across boundaries, with nutrients and 
energy required for production being lost to the environment as externalities. It logically 
follows that in a water deficit situation (e.g. irrigated agriculture in semi-arid, geo-climatic 
zones such as in the Murray-Darling Basin of Australia), reduced leakiness across natural 
and agricultural landscape boundaries will add value and sustainability to critical water 
resources. Reduced leakiness can be achieved by concurrent multiple use/re-use of water 
and recovery of resources (nutrients, energy) through adopting a systems integration 
approach to integrated farming (aquaculture and irrigated agriculture). Edwards (2003) 
suggests that the introduction of IAAS may reduce the overall need for total water and 
nutrient inputs to agro-ecosystems by retaining a larger amount for internal recycling 
between different enterprises, thereby leading to less adverse environmental impact and 
increased profitability and overall sustainability.
ͳǤ͵Ǥʹ 
Consistent with the principles and philosophies espoused by Edwards (1998) and Edwards 
(2003), the present study proposes a new conceptual framework for industrial scale, 
irrigated agro-ecosystems in Australia, based on multi-use of water and associated resource 
recovery; the latter, in turn, based on integration of aquaculture and irrigated agriculture. A 
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schematic summary of this conceptual framework is provided in Figure 1-2, in which 
different system scenarios (1-3) represent a gradient with varying degrees (relative to each 
other) of water and energy transport across system and sub-system boundaries, directly 
represented by dotted lines of varying spacing, with less spacing indicative of: 
• less ‘leakiness’ and the greater multi-use/re-use of water and overall recovery and 
re-use of resources 
• less net consumption and greater added value of water, and  
• reduced water footprint and increased overall sustainability of the system.  
ͷȂǣǦ
Scenario 1 represents existing, conventional agro-ecosystems in which irrigated agriculture 
is defined as a discrete sub-system (at farm and/or sub-catchment scale) within otherwise 
dry land agricultural landscapes (at catchment and/or basin scale). Irrigated agriculture 
systems under Scenario 1 would typically include irrigated horticulture and dairy. Multi-
use/re-use of water and resource recovery within and between systems/sub-systems in 
Scenario 1 is either limited or non-existent. Scenario 1 is reliant on maximum input of 
natural ecosystem services and supplementary energy/nutrients, and generates minimal unit 
productivity and maximal environmental externalities. Accordingly, Scenario 1 is 
characterised by a relatively large water footprint and export of virtual water, and relatively 
low water productivity. 
͸Ȃǣ
Scenario 2 represents an existing, but emerging and still developing agro-ecosystem in 
which irrigated agriculture and aquaculture are defined as discrete, partially integrated sub-
systems within dryland agricultural landscapes. Aquaculture under Scenario 2 is 
effectively a non-consumptive user of water and typically would include most forms of 
intensive/semi-intensive pond, cage or tank-based systems. In some, but not all cases, 
nutrient-rich aquaculture ‘wastewater’ (i.e. water used first by aquaculture) is directed 
across sub-system boundaries and effectively recovered as a resource for multi/re-use by 
irrigated agriculture. Scenario 2 is reliant on reduced input of natural ecosystem services 
and supplementary energy/nutrients, and generates increased unit productivity and reduced 
environmental externalities. Accordingly, Scenario 2 is characterised by a reduced water 
footprint and export of virtual water, and enhanced water productivity. 
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The open-water IAAS production of Murray cod described by Gooley et al. (2007) and 
DPI (2009) is one example of Scenario 2 in the new conceptual framework proposed in the 
present study for agricultural water-use and IAAS in Australia. This scenario has potential 
for considerable expansion with new investment and diversification into Murray cod 
production, at least within the major horticulture, rice and cotton irrigation regions of the 
Murray-Darling basin in Victoria, South Australia, NSW and Queensland. The irrigated 
dairy sector in turn could also expand as part of an open-water Murray cod, IAAS value 
chain for purposes of specialising in nursery production of stockers to supplement the 
existing, stand-alone, Murray cod hatchery and nursery sector. 
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Figure 1-2. New conceptual framework for multiple use of irrigation water in agricultural landscapes based 
on integrated agri-aquaculture systems approach to agri-food production; top, Scenario 1; middle, Scenario 2; 
bottom, Scenario 3. 

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͹Ȃǣ
Scenario 3 represents a new, yet to be developed agro-ecosystem in which irrigated 
agriculture and aquaculture are defined as partially discrete subsystems, with a fully 
integrated component, within dryland agricultural landscapes. The fully integrated 
component would include first use by aquaculture of all irrigation water with no net 
consumption, and complete re-use by agriculture of all nutrient-rich wastewater. 
Realisation of this scenario is subject to achieving tangible progress with scenario 2. 
Scenario 3 is reliant on minimal input of natural ecosystem services and supplementary 
energy/nutrients, and generates maximum unit productivity and minimum environmental 
externalities. Accordingly, Scenario 3 is characterised by a relatively small water footprint 
and export of virtual water, and relatively high water productivity. 
The primary difference between Scenario 2 and 3 is the level of integration between 
aquaculture and irrigated aquaculture systems and associated water footprint size, together 
with the level of adoption by industry.  Accordingly, Scenario 2 effectively represents the 
‘here and now’ with somewhat limited, ad hoc and fragmented integration and adoption at 
the farm-scale.  Scenario 3 effectively represents the future condition in which the 
respective aquaculture and horticulture production systems are fully integrated and adopted 
on a routine basis at an industry scale. 
For any conceptual framework such as this to have practical application, it needs to 
stimulate innovative thinking and coordinated actions by a range of stakeholders at local 
(on-farm), regional (e.g. other farmers, water authorities) and state/federal levels (e.g. 
departments of primary industries, regional development and environmental management), 
and service providers (e.g. existing stand-alone aquaculture and irrigation sectors, financial 
institutions, seafood wholesalers/retailers etc) (Gooley and Gavine, 2003b) . Edwards 
(2003) also suggests that social and economic factors influencing IAAS adoption need to 
be considered at the macro-level (international, national and regional or state) and micro-
level (rural farming community, farm and farm household),  
ͳǤͶ 
Australia’s major irrigated agriculture sectors are under increasing pressure to deliver 
‘triple-bottom-line’ social, environmental and economic outcomes for the community. On 
face value, traditional, single water-use in irrigated agriculture is not sustainable, and in 
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many cases only marginally profitable. The irrigation industry must shift towards higher 
value and more sustainable use of water to achieve triple bottom line outcomes, with 
emphasis on adoption of innovative, multi water-use IAAS as part of a diversified 
enterprise.  
Integrated aquaculture typically just ‘borrows’ the water, which ultimately is used for 
irrigation, together with potentially beneficial organic nutrients which may offset fertiliser 
(and associated water) costs. With this approach, potential exists to simultaneously 
enhance farm-scale water-use efficiency and achieve productivity gains (i.e. increase water 
‘productivity’). Growing more, higher value food with less water (per unit of production) 
at a regional scale, by whatever means, can ultimately alleviate water scarcity, contribute 
to food security and lessen the environmental externalities of agriculture (Chartres and 
Williams, 2006).  
According to Edwards (2003) the broad application of IAAS philosophies, principles and 
concepts could provide tangible development of sustainable, agro-industrial-scale farming 
systems in Australia. The alternative strategy for development of irrigated agriculture 
and/or inland aquaculture as stand-alone enterprise is a recipe for perpetuating mediocrity; 
or at best incremental growth, or at worst ultimate systems failure, in terms of long term 
sustainability.  
Open-water cage culture of Murray cod is emerging is a viable IAAS model for industry 
development in irrigation regions of the Murray-Darling basin. Broad stakeholder support 
within a new conceptual framework is required for this approach to have expected impacts 
in the longer term. Either way, there is little doubt that the context for water management 
has shifted demonstrably in Australia over the last decade. The Australian industry context, 
in comparison with other arid and semi-arid zone agro-industrial nations, may well have 
been paraphrased at some early developmental stage last century as “so much water, so 
little use”. The question may well be now asked, can the reverse apply (i.e. so little water; 
so much use)? 
As stated by Gooley et al. (2007), an integrated, aquaculture-based, farming systems 
approach to the multiple use of agricultural water makes sense, as it is an elegantly simple 
concept which is readily understood and accepted by industry. The extent to which this is 
both an enlightened and pragmatic view, or just enlightened, remains to be seen. The IAAS 
concept is intrinsically sound, and the resources, expertise and opportunity exist within 
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Australia. What is now needed is for government, industry and the community at large to 
support the proposed new conceptual framework for industrial scale, irrigated agro-
ecosystems in Australia described in the present study, particularly in the context of new 
commercial investment in emerging IAAS sectors such as the open water, cage production 
of Murray cod in private irrigation storages.
C h a p t e r  2  |  T h e  P r e s e n t  S t u d y |  29  
Chapter 2. 
ʹǤͳ 
Our Rural Landscapes (ORL) was a four-year science based program funded as part of the 
Victorian Government’s Innovation Statement, centred on the sustainable development of 
Victoria’s primary industries. The State Government invested $50 million in the program 
through the Victorian Department of Primary Industries (DPI) from 2003 to 2007. The aim 
of the ORL program was to increase the value of agriculture per unit of natural resource, 
balancing economic productivity and social outcomes with resource use efficiency and 
protection of the environment. The DPI project entitled ‘ORL1.3 Multi Water-Use in 
Agricultural Landscapes’ was funded through the ORL Program, and provides the basis for 
the present study. The focus of this project was on the aquaculture use of agricultural 
water, and specifically the need to add value and sustainability to an increasingly limited 
and costly natural resource (water) through development and adoption of a multiple use 
approach.  
Consistent with DPI’s broader role in supporting sustainable development of Victorian 
agriculture, this project addressed various aspects of these needs at a time when the social, 
economic and environmental sustainability of agricultural water use was being challenged 
by the impacts of prolonged drought in south-eastern Australia, and more generally by the 
emerging impacts of climate change. Increasingly farmers need to change practices to 
maintain capability and profitability. Opportunities for farmers to implement new, 
diversified farming systems based on high value production, without increasing net water 
consumption, are considered to be highly relevant. 
Despite considerable technical advances of recent years in Australia in relation to on-farm, 
water use efficiency, much of irrigated agriculture use of water is still based on a ‘single 
use’ paradigm i.e. water is diverted for a single (terminal) application to a single crop. This 
is particularly so in the irrigated horticulture sector of the Sunraysia Irrigation Region 
(SIR) of north-western Victoria. A feature of the irrigated horticulture sector in north-
western Victoria is the new, private irrigation developments resulting from expansion of 
wine and table grape, almond and olive production (Figure 2-1).  
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These developments are mostly located immediately adjacent to the established irrigation 
regions managed by regional water authorities, and include major capital investment in 
permanent horticulture plantings of mostly vines for wine and table grapes, and almond 
trees. The irrigated area for horticulture by private diverters in the SIR increased by 128% 
since 1997, to > 54,000 ha in 2009 (SunRise21 2010). New irrigation infrastructure has 
included on-farm supply pumps, pipelines, storage dams, fertigation systems and micro 
drip reticulation systems.  
Figure 2-1. Aerial view of new irrigation developments in Red Cliffs district of Sunraysia Irrigation 
Region, NW Victoria 
Of relevance to the present study, these new developments are characterised by the 
construction of large-scale, private water storage dams which are designed to provide 
security and consistency of supply to irrigators during peak demand periods. In addition to 
the water itself, this infrastructure represents a major capital and operating cost for farmers, 
for which an appropriate return on investment is critical to farm profitability. 
The capacity of on-farm storage dams is typically > 50 ML and ranges up to >600 ML, 
based primarily on the need to provide short-term water storage (4 - 7 days) for irrigated 
crops. Fertiliser regimes are designed on traditional mechanical application methods and/or 
more sophisticated fertigation systems integrated with micro-dripper reticulation systems. 
Irrigation and fertilisation rates vary dependent on ambient climatic conditions, soil type, 
crop type and history, irrigation/production systems and associated farming methods. 
Through the Our Rural Land (ORL) initiative of the Department of Primary Industries 
(DPI) Victoria, it has been demonstrated that existing irrigation storage reservoirs may also 
be used to simultaneously grow Murray cod in floating cages retrofitted to the dams; an 
C h a p t e r  2  |  T h e  P r e s e n t  S t u d y |  31  
aquaculture practice referred to as ‘open water’ fish farming (Gooley et al., 2007) 
(hereafter referred to as ‘open-water production’). Such practice is consistent with the 
principles of Integrated Agri-Aquaculture Systems (IAAS), including multiple on-farm use 
of water, nutrients and infrastructure. It provides economically viable diversification 
opportunities for the irrigated horticulture sector, and more generally adds value and 
sustainability to otherwise limited agricultural water (Gooley, 2000; Gooley et al., 2001b; 
Gooley and Gavine, 2003c). 
Within the SIR, major socio-economic changes are underway due to water market forces 
and trading trends which indicate a shift of water entitlements between irrigation regions 
within the Murray-Darling Basin in south-eastern Australia, including the SIR. Indeed the 
future viability of small-scale, irrigated agriculture enterprise such as dairy and horticulture 
dairy and horticulture enterprises is unclear, with marginal profitability in many cases 
aggravated by increasing costs and reduced availability of water for often extended 
periods. 
The ORL1.3 project commenced in 2003/04, was completed in 2006/07, and key, high-
level findings in terms of project outcomes and impacts on end-users and stakeholders 
were reported by Gooley et al. (2007). The present study is based on the work undertaken 
by Gooley et al. (2007), including the results of various desk-top and on-farm, pilot-scale 
case studies investigating aspects of commercial IAAS production of Murray cod as part of 
existing, irrigated horticulture enterprise in north-western Victoria. These case studies, 
including associated methods, results and interpretation, have not previously been 
described in any detail. The present study provides such details within the context of other 
relevant studies and literature, current industry status and future industry development 
prospects in Australia.  
The end-users of this information, as identified by Gooley et al. (2007), are primarily 
Australian regional water (irrigation) authorities, state government environmental 
management (water) and primary industry departments and, most importantly, irrigation 
farmers and associated new investors.  
ʹǤʹ 
The overall objective of the present study was to explore the feasibility of adopting an 
IAAS approach to multiple water-use within Australian agricultural landscapes, with 
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emphasis on development, demonstration and evaluation of a pilot-scale, ‘commercial’ 
case-study of open-water production of Murray cod in the SIR of north-western Victoria.  
The expected outcomes of this study include: 
• Enhanced understanding of: 
o Opportunities to increase value and sustainability of water used for irrigated 
agriculture in Australia through adoption of an IAAS approach to multi 
water-use 
o The technical requirements, environmental impacts and bio-economic 
feasibility of IAAS-based, open-water production of Murray cod in the SIR 
of north-western Victoria, and 
• Diversification of existing irrigated horticulture enterprise in the SIR through 
adoption of commercial-scale, IAAS-based open-water production of Murray cod 
for high-value domestic and export seafood markets.  
More specifically, short term impacts are expected to include increased total farm 
production output, reduced unit production costs and increased overall farm profitability 
for early adopters as part of a diversified farming enterprise. Medium–term impacts are 
expected at a broader catchment and regional scale and include enhanced regional 
development opportunities for rural communities and reduced off-farm environmental 
externalities. Longer-term benefits are expected at a basin, if not national scale, in the form 
of added value and sustainability for agricultural water-use in Australia. 
Reporting of this study takes the form of a thesis (this document) consisting of discrete 
chapters, each describing aspects of specific field-based and desk-top investigations and 
associated results, analysis, interpretation and key findings designed to address the overall 
objective. This study and associated thesis is being undertaken for the purpose of 
complying with Deakin University requirements for the award of the PhD degree by 
Research as specified by Section 9, Appendix 2 of the Guide to Candidature: Higher 
Degrees by Research 2004-2005.  
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An annotated, chapter by chapter summary of this thesis is provided as follows:  
Chapter 1: Principles and Practices of Integrated Agri-Aquaculture Systems, and a 
New Conceptual Framework for Multiple Use of Water in Australian 
Irrigated Agriculture 
Undertakes a literature review of previous IAAS studies in Australia, with an emphasis on 
key drivers, principles, practices and associated definitions, including original 
contributions from the author as a nationally recognized authority; describes a new 
conceptual framework to facilitate policy development, industry diversification and 
practice change, new investment and regional development; provides global, national and 
regional context, and underpinning rationale for the present study. 
Chapter 2: The Present Study 
Provides a concise, plain language (non-technical) description of the background, 
rationale, overall objective and expected outcomes of the present study, together with a 
brief description of each chapter outlining details of the specific investigations undertaken. 
Also describes the Materials and Methods utilised for the collection of all experimental 
data relevant to investigations described in Chapters 3, 4 and 5 of the thesis, with specific 
emphasis on the case-study of IAAS-based, open-water production of Murray cod in the 
SIR of north-western Victoria. 
Chapter 3: Pilot-scale case study of Integrated Agri-Aquaculture Systems-Based 
Open-Water Production of Murray cod in the Sunraysia Irrigation Region 
of North-Western Victoria 
Describes a field-based (on-farm) IAAS case study designed to develop, demonstrate and 
evaluate open-water farming of Murray cod, with emphasis on growout production to 
marketable, plate-sized fish, in private irrigation storages in the Sunraysia Irrigation 
Region of north-western Victoria; includes description of three unique system designs 
(floating cages, raceways and tanks); husbandry, feeding and health management methods, 
and results of fish growth and survival and water quality; provides critical water quality 
baseline for environmental carrying capacity estimates of irrigation storage reservoirs (see 
Chapter 4), and critical fish growth and production data for baseline yield estimates 
underpinning risk-based bio-economic modelling and feasibility/sensitivity analysis (see 
Chapter 5); provides harvestable products for domestic and export market appraisal. 
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Chapter 4: Water Quality and Nutrient Dynamics of Integrated Agri-Aquaculture 
Systems – Based, Open-Water Production of Murray Cod Production in 
the Sunraysia Irrigation Region of NW Victoria 
Describes an analysis of water quality (based on Chapter 3 case study), nutrient loading 
and assimilative capacity in storage ponds used simultaneously for both irrigation and 
IAAS-based open-water cage culture of Murray cod; estimates fertiliser offsets for 
irrigated horticulture fertigation systems (i.e. net reduction in application of fertiliser-based 
nutrients for horticulture through use of soluble, nutrient rich aquaculture waste discharged 
to irrigation water) and estimates maximum fish biomass carrying capacity and projected 
annual IAAS fish biomass yield under different production scenarios (as evaluated in 
Chapter 5). 
Chapter 5: Bio-Economic Appraisal of Integrated Agri-Aquaculture Systems – Based, 
Open-Water Production of Murray Cod in the Sunraysia Irrigation 
Region of NW Victoria 
Describes a new bio-economic model for IAAS-based, open-water farmed Murray cod 
(based in part on actual, ground-truthed production and associated system design data from 
Chapter 3) and undertakes a ‘virtual’ cost-benefit analysis of different system design, 
production scale and risk scenarios; provides data to validate economic rationale for 
industry investment, and identifies key investment and associated operational risks. 
Chapter 6:  Synthesis of Key Findings and Conclusions, Outcomes and Impacts 
Provides a synthesis of key findings and conclusions, outcomes and impacts from all 
aspects of the study, including the review of key literature and all (field-based and desktop) 
case studies and analyses; undertakes a broader discussion in consideration of these 
findings and conclusions, from both a scientific, strategic and practical, industry 
development perspective
ʹǤ͵ 
The location of the SIR in Victoria and approximate location of the IAAS-based, open-
water Murray cod production case study sites within the SIR is provided in Figure 2-2 and 
Figure 2-3. Each of the study sites consists of a discrete open-water fish production system 
physically located in respective private irrigation storage reservoirs on commercial 
irrigated horticulture farms, all located within an §10 km radius of each other in the 
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Sunraysia Irrigation Region near Red Cliffs in north-western Victoria. The three different 
study sites and associated production systems are: 
• Site 1 (Figure 2-4a): floating cage system (existing DPI system with no specified 
commercial supplier); 
• Site 2 (Figure 2-4b): floating tank system (Semi Intensive Floating Tank System - 
SIFTS) (supplier - McRoberts P/L), and 
• Site 3 (Figure 2-4c): floating raceway system (supplier - TAMCO P/L). 
Raw water supply to the storage dams was direct from the Murray River and/or via off-
river storage in King’s Lagoon, near Mildura. Access to each of the systems was via a 
floating walkway (TAMCO P/L) made up of poly extruded modules, each 1.22 m wide and 
2.365 m long, § total length 20-35 m (depending on site/water level). The systems were 
secured to the bank of the reservoirs via the walkway and further held in place by two sea 
anchors tethered to the floor of the reservoirs. Key features of the study sites and 
associated fish production systems include: 
ͷ(Figure 2-5) 
• Agribusiness and water storage infrastructure: 
o Company name/farm location: Thurla Farms P/L, Millewa Rd, Red Cliffs; 
o Business: Large-scale, irrigated horticulture enterprise, including wine and table 
grapes and other mixed fruit and vegetables, and dryland cropping and grazing; 
total farm area § 4000 ha, of which § 400 ha irrigated; 
o Storage reservoir (fitted with cage system): size (surface area) 22,500 m2; 
normal operating depth (min.) 4.9 – (max.) 7.9m; max. operating capacity (§) 
130 ML; water usage (irrigation throughput) max. (§) 1000 ML/year; 
o Control area (irrigated crops) for reservoir (plus second connected reservoir) §
400 ha. 
• Floating cage system: 
o Min. two, max. three cages available, each consisting of floatation/walkway 
collar, dimensions of 4 m x 4 m, and attached/suspended net bag, dimensions 4 
m x 4 m x 3 m deep (2 m of which is below the water); net bags also with 
option of a divider fitted to effectively make two sub-cages, 2 m x 4 m x 3 m 
deep within single collar, for purposes of replication and/or maintenance of 
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multiple size cohorts under otherwise identical production conditions; net bags 
(Trident Nets Pty. Ltd.) with (stretched) mesh size of 33 mm; 
o Passive exchange and aeration of water provided to the cages by combined 
wind driven action and routine irrigation throughput, supplemented by a single 
Chenta 2 hp paddlewheel (supplier - Primo Aquaculture) for localised active 
water exchange and aeration at times of predicted (diurnal) low dissolved 
oxygen levels (set to operate daily from 2200 to 1000 hours using a timer 
system on mains power); 
o Otherwise subject to ambient water quality and climatic/temperature conditions 
as determined by characteristics of irrigation water supply and geographic 
location. 
o Air supply includes a ‘back-up’ system, in the event of normal aeration system 
and/or mains power failure, as for Site 2 (see previous description for details); 
o A single, 4 x 4 m floating cage, as specified for Site 1 (see previous details), 
was also located at Site 3 for the purposes of undertaking a separate, concurrent 
study into Murray cod feeding behaviour and associated periodicity; 
o Otherwise subject to ambient water quality and climatic/temperature conditions 
as determined by characteristics of irrigation water supply and geographic 
location. 
͸(Figure 2-6)
• Agribusiness and water storage infrastructure: 
o Company name: Tony Taylor & Sons P/L, Wilga Rd, Red Cliffs; 
o Business: Large-scale, irrigated horticulture enterprise, mostly wine grapes 
and other off-farm management services; total farm area § 400 ha, of which 
§ 230 ha irrigated; 
o Storage dam (fitted with tank system): size (surface area) 23,000 m2; 
normal operating depth (min.) 2.5 – (max.) 6.5m; max. operating capacity 
(§) 95 ML; water usage (irrigation throughput) max. (§) 860-1000 ML/year; 
o Control area (irrigated crops) for dam § 180 ha. 
• Floating tank system:
o Three different sized, round tanks with convex floor; one small (§ vol. 5m3) 
and two large (approx. vol. 10m3 each); each tank consisting of sealed, dual 
skin poly liners, with the internal liner able to be everted above water level 
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by air inflation, and attached to integrated, extruded poly 
floatation/walkway collar;  
o Active exchange of water and supplementary aeration via constant airlift 
directed by twin, side-mounted inlet pipes and single, central downpipe 
(aeration only) in each tank; water flow in tanks directed tangentially to 
create vortex circulation and exited via overflow outlet installed at surface 
in lip of tanks; air supply delivered via reticulated 100mm diam. agricultural 
poly pipe and powered by a 2.2kw, three phase, high volume/low pressure, 
centrifugal ring blower (supplier - PDA Blower Co Pty Ltd Australia) 
located on bank; total air flow rate (to all tanks combined) approx. 12.5 
L/sec; water flow rate/tank § 10.8 L/sec (§ 4 complete water 
exchanges/hour for each tank);  
o Air supply includes a ‘back-up’ system, in the event of normal aeration 
system and/or mains power failure, providing coordinated emergency 
aeration to tanks and a mobile phone dialler to advise staff of faults via 
SMS; emergency aeration provided via direct oxygen injection piped 
separately to tanks (from bottled, technical grade oxygen) automatically 
during power-outages and/or aeration pressure loss (from ring blower), for 
whatever reason; oxygen is delivered using a BOC 8000 regulator at 320 
kPa, from four, G-sized oxygen bottles (max. capacity at 17.5 mPa); 
provides § 16 hours aeration back-up at full supply; 
o Otherwise subject to ambient water quality and climatic/temperature 
conditions as determined by characteristics of irrigation water supply and 
geographic location. 
͹(Figure 2-7)
• Agribusiness and water storage infrastructure: 
o Company name: Treviso Estate P/L, Treviso Way, Red Cliffs; 
o Business: Large-scale, irrigated horticulture enterprise, including wine and 
table grapes; total farm area § 900 ha, of which § 450 ha irrigated; 
o Storage dam (fitted with raceway system): size (surface area) 23,000 m2; 
normal operating depth (min.) 2.0 – (max.) 7.0 m; max. operating capacity 
(§) 130-140 ML; water usage (irrigation throughput) max. (§) 1800 
ML/year; 
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o Control area (irrigated crops) for dam § 230 ha. 
• Floating raceway system: 
o Two, extruded poly, rectangular floating raceways, each with dimensions of 
1.77 m wide x 6.7 m long x 1.1 m deep (operational volume of 13 m3); each 
with poly extruded oyster mesh (10 mm) panels at each end (for water flow 
in/out) and poly extruded, integrated, walkway/flotation collars down each 
side; 
o Active exchange of water and supplementary aeration to raceways via 
constant airlift directed by integrated multi-inlet extruded poly inlet 
manifold at one end in each raceway; water flow/disposal in/from raceways 
directed longitudinally and exited via protective mesh screen at opposite 
end of raceway; air supply delivered via reticulated 50 mm diam. PVC and 
reinforced poly pipe and powered by a 1.5 kw, three phase, high 
volume/low pressure, centrifugal ring blower (supplier - PDA Blower Co 
Pty Ltd Australia) located on bank; total air flow rate (to both raceways 
combined) approx. 10 L/sec (§ 8 complete water exchanges/hour for each 
raceway). 
A qualitative checklist of key features of the production systems used in the present study 
is provided in Appendix 1. 
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Figure 2-2. Location of study sites at Red Cliffs in the Sunraysia Irrigation Region of north-western 
Victoria. 
Figure 2-3. Sunraysia Irrigation Region (Colignan to Red Cliffs river reach) showing location of 
farm/study sites (Site #1: Thurla Farms P/L; Site #2: Taylor & Sons P/L; Site #3: Treviso Estate P/L) 
at Red Cliffs and adjacent crop types (source: Mallee Irrigated Horticulture 1997-2009 (SunRISE21, 
2010). 
Site 1 Site 2 
Site 3 
Red Cliffs 
Study sites 
C h a p t e r  2  |  T h e  P r e s e n t  S t u d y |  40  
a. 
b. 
c. 
Figure 2-4. Study sites at Red Cliffs, Sunraysia Irrigation region, NW Victoria; (a) Site #1, (b) Site #2, 
(c) Site #3. 



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a. 
b.
Figure 2-5. Photograph (a.) and schematic diagram/transverse section (b.) of the floating cage system 
at study site #1, Red Cliffs, Victoria, for the period Jan. “05-Apr.”07. 
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C h a p t e r  2  |  T h e  P r e s e n t  S t u d y |  42  
a. 
b. 
Figure 2-6. Photograph (a.) and schematic diagram/transverse section (b.) of the floating tank system 
at study site #2, Red Cliffs, Victoria, for the period Jan. “05-April ”07. 
  
Anchors
10 tonne SIFTS 5 tonne SIFTS
Poly Walkway (20m )
Irrigation Water
Storage Dam
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a. 
b. 
Figure 2-7. Photograph (a.) and schematic diagram/plan view (b.) of the floating raceway system at 
study site #3, Red Cliffs, Victoria, for the period Jan. “05-April ”07. 
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Chapter 3. ǦǦ
ǦǦ

Ǧ
͵Ǥͳ 
As previously described in Chapter 2, this case study was one of a series of pilot, 
commercial-scale IAAS trials undertaken as part of Our Rural Landscapes sub-project 1.3 
(ORL 1.3) Multi Water-Use in Agricultural Landscapes (Gooley et al., 2007). The purpose 
of this case study was to trial the production of Murray cod under ‘open-water’, cage 
culture farming conditions, as part of a broader investigation designed to develop, evaluate 
and demonstrate IAAS applications in the SIR.  
The study sites, all located on established irrigated horticulture farms within the SIR, 
feature newly established (by this project) IAAS utilising existing, private, on-farm 
irrigation storage reservoirs and associated infrastructure, including pipelines and pumps; 
irrigation water being used first for open-water fish production prior to its ultimate 
application to terrestrial horticulture crops. 
The specific objectives of this case study were: 
• To develop, demonstrate and characterise open-water Murray cod production 
systems under pilot, commercial scale IAAS (ambient climatic and water quality) 
conditions 
• To generate baseline production performance data, and to identify associated 
production risks for these systems, and 
• To develop and evaluate markets for open-water, farmed Murray cod products from 
these systems. 
͵Ǥʹ 
͵ǤʹǤͳ 
A description of the materials and methods utilised in this study is provided in Chapter 2 
(Section 2.3), including a description of the relevant case study sites and associated IAAS-
based, open-water Murray cod production system details. 

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͵ǤʹǤʹ 

Given the applied nature of the study, the scale and type of the infrastructure utilised and 
the varying physical and environmental characteristics of the sites, the use of conventional 
experimental controls and replication was not possible. Indeed, operation at pilot, 
commercial scale, under quasi ‘industry’ conditions to ensure data was commercially 
relevant, dictated the need for routine size grading and stock management in order to 
reduce aggression and cannibalism and optimise yield. Also, to facilitate product and 
market development and to provide commercially relevant market pricing, harvesting of 
fish was regularly undertaken throughout the study.  
Therefore, due to the significant variability and myriad associated confounding effects 
(both man-made/business associated and environmental) between the sites and within any 
one site over time, no attempt was made specifically to undertake formal comparative 
analysis of the performance of Murray cod between the three systems being investigated. 
Accordingly, characterisation and evaluation of the performance of Murray cod and 
associated production systems was undertaken independently at each of the respective 
sites. Resultant data were then summarised and trends analysed largely qualitatively for 
subsequent inclusion as base, input/output data for proposed bio-economic modelling and 
associated cost-benefit analysis; the latter designed to determine biological productivity 
and economic profitability of future commercial applications in the SIR (Gooley et al., 
2007). 
	
A total of four separate cohorts of Murray cod, all of varying initial size, were evaluated 
over the full term of the study. All fish were sourced from within DPI and/or commercial 
suppliers, hatchery-bred and subsequently tank-reared to at least ‘advanced stocker’ size 
(mean weight  50-100g) under intensive, controlled environment conditions. All fish were 
hand-graded into appropriate, size-based sub-cohorts and initial transportation and 
biosecurity risks for all fish introductions to the sites were managed according to Standard 
Operating Procedures (Gooley et al., 2011). 
All cohorts remained at single sites and within single systems only throughout the study 
period, however the actual location of any single fish within specific production units 
(cages, tanks and raceways) was subject to routine grading and allocation of specific size-
based sub-cohorts to individual production units according to requisite stocking densities. 
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The initial number of fish in each cohort was subject to availability and actual number 
allocated to any one site varied according to the available number of fish and available 
production units at each site at any one time.  
The actual period during which each cohort was monitored for production performance 
during the study was determined by the number of available fish remaining in the system, 
in turn determined by the combined rate of fish mortality and/or harvest (for market 
development and sales). Data collection for each cohort was terminated at the point that 
there were no fish remaining in the system.  
A summary of start date, initial number, size, allocated site and system for each cohort 
evaluated in the study is provided in Table 3-1. 
Table 3-1. Summary of start date, initial number, size, allocated site and system for each cohort 
evaluated in the present study at all study sites at Red Cliffs, Victoria, for the period Jan. “05-Mar. 
“07.
Cohort 
No. 
Date  
stocked 
Site 
No. 
System type Total 
No. Fish  
Mean 
Fish Wgt 
(g)  
1 19-20/01/05 1 cages 2660 193 
 2 tanks 3665 104 
 3 raceways 3184 99 
     
2* 17/02/06 3 cage 1668 442 
     
3a** 12/12/06 2 tanks 1233 83 
     
3b** 12/12/06 2 tanks 206 490 
     
3c** 12/12/06 2 tanks 71 167 
     
4 07/03/07 3 raceway 1307 198 
     
* Cohort #2 at Site #3 was reared in a single floating cage specifically for evaluation of feeding 
activity and associated periodicity (Bailey 2007); 
** Cohort #3 at Site #2 was introduced from the outset as three discrete size-based sub-cohorts due 
to the variable size range of the fish on arrival. 
	
All fish were fed commercial pelletised feed (Skretting Australia®) delivered by one or 
more the following means on a metered, scheduled basis: 
• Floating cages & raceways: rotary disc feeders (Aquasonic®, Sweeney 
Enterprises® and AQ1®);
• Floating tanks: auto belt feeders (AGK Technology®). 
Feed type, nutritional profile and pellet size were based on fish weight according to 
previous experience Appendix 2. 
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Daily feed rates (% mean body weight/day) were based on water temperature (Appendix 
3Appendix 3); adapted from Ingram (2004). Frequency of feeding events was determined 
initially based on Standard Operating Procedure (SOP) (Gooley et al., 2011), and adjusted 
after monthly sampling according to mean body weight, estimated number of individuals 
in each culture unit (i.e. adjusted for estimated mortalities) and water temperature at the 
time of sampling. Feeding frequency was typically based on four-six separate/equi-spaced 
feeding events during daylight hours, commencing at or around sunrise. 
For most cohorts, it was not possible to reliably estimate gross Food Conversion Ratio 
(FCR)(ratio of net gain in mean fish biomass to total amount of feed delivered) due to the 
confounding effect of grading, in which individual fish were transferred between sub-
cohorts subject to size at grading, harvesting and error (leading to overfeeding) associated 
with unaccounted for mortalities. 
Stocking density was maintained with fish of known mean weight counted individually 
into each cage at the start and periodically throughout the trial (usually during grading), for 
each system based on nominal targets as follows: 
• Cages:   (min.) 15kg/m3 - (max.) 30kg/m3; 
• Raceways and tanks: (min.) 30kg/m3 - (max.) 60kg/m3
In practice, stocking density varied within and between systems and over time, subject to 
actual numbers and size of fish being held and availability of production units at each site 
(and allowing for system malfunctions, maintenance etc). 
Fish were graded on a needs basis, immediately following monthly sampling and 
according to SOPs (DPI, unpublished data), with final grades allocated to available 
production units as per target stocking densities. 
Therapeutic and prophylactic chemical treatments (measured salt, formalin and peroxide 
solutions), primarily to manage periodic and opportunistic ectoparasitic infections 
(predominantly Chilodonella spp. and Lernaea spp. ) typically resulting from stress and 
physical injury related to handling (stocking density, grading, monthly sampling, counting 
and relocation etc) and/or change of seasons, were undertaken according to relevant SOPs 
(Gooley et al., 2011). 
Fish from Cohort #1 were subject to routine commercial production conditions, including 
size grading, and were periodically and partially harvested for market evaluation during the 
production cycle , subject to growth rates, actual size and demand (see following). Fish 
from all other cohorts (#2, 3 and 4) were reared under routine commercial production 
C h a p t e r  3  |  O p e n - W a t e r  P r o d u c t i o n  C a s e - S t u d y  |  49  
conditions, but were not harvested for market evaluation at any stage during the production 
cycle.  

	
For Cohort #1, random sub-samples of 50 fish originally and for the first twelve months, 
and then 30 fish thereafter (i.e. once size variability was reduced through multiple grading) 
from each production unit (i.e. cage/sub-cage, raceway and tank) for each cohort/sub-
cohort were individually measured for weight (to nearest g) and (total) length (to nearest 
mm), at the start and after every 4 weeks of the study. Biomass was estimated based on 
mean weight of sub-sampled fish and actual numbers counted into the production units 
(corrected for mortalities where appropriate). Mortalities for each cage were removed and 
recorded daily on an appropriate data sheet. Actual counts of fish for each production unit 
were undertaken initially and then periodically in association with activities such as 
grading, re-location (between units), maintenance etc. Actual counts were then reconciled 
with estimated survival (based on daily mortalities and harvested fish) to correct for 
unaccounted fish losses (e.g. escapees, cannibalism, theft and otherwise 
unreported/unrecorded losses). All fish harvested from the system for marketing purposes 
were counted and weighed individually per production unit as part of each daily harvesting 
event.  
A description of summary history data and associated statistics for production performance 
of each individual site/system recorded on a monthly basis are presented in Table 3-1.  

Key physico-chemical water quality parameters were measured weekly from each site and 
analysed by DPI staff using standard analytical methods and/or Hach® standard reagents 
and associated test kits (where appropriate) including: 
• Total ammonia (mg/l) 
• Nitrite (mg/l) 
• Nitrate (mg/l) 
• Suspended solids (mg/l) 
• Ortho phosphate (mg/l) 
• Chlorophyll a (ȝg/l)  
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Water depth (calibrated measuring line) and turbidity (Secchi disk) were recorded daily off 
the deep end of the production systems at each site. Other parameters were measured on a 
continuous (hourly) basis in situ using TPS® loggers and associated sensors included: 
• Temperature (ºC) 
• pH 
• Conductivity (us/cm) 
• Dissolved oxygen (mg/l) 
Water samples for each site were analysed externally (Water Ecoscience P/L) on a 
quarterly basis for broad spectrum agricide screening.

Market evaluation was based on determination of a) bio-chemical nutritional profile of 
harvested product, and b) post-farm gate appraisal by wholesale/retail buyers and end-
consumers.  
Nutritional profiling, included proximate and fatty acid analysis, was undertaken with 
Cohort #1 fish harvested from study sites #1 and 3, and undertaken independently by the 
School of Ecology and Environment, Deakin University according to standard nutritional 
assay methods as described by Palmeri et al. (2007), Palmeri et al. (2008a); Palmeri et al. 
(2008b) and Palmeri et al. (2009).  
Post-farm gate market appraisal was also conducted utilising fish harvested from Cohort #1 
only. Product was presented primarily as fresh, chilled, ‘head-on, gilled and gutted’ 
(HOGG) and as fresh, chilled fillets, with processing undertaken commercially according 
to requisite PrimeSafe2 standards. Product evaluation (demand and value) was directed at 
selected high-end, food services sector consumers, primarily locally in Mildura for 
domestic markets, and for export to selected overseas niche markets in south-east and 
northern Asia. 
Number of fish, mean weight, total biomass and market value of marketed fish (including 
‘free samples’) were recorded. Detailed evaluation of export markets and associated 
consumer perceptions was undertaken by a range of methods across different market 
sectors and representative evaluation audiences (Appendix 4). 

                                                
2 PrimeSafe is a Statutory Authority operating under the Meat Industry Act 1993 and Seafood Safety Act 2003
to regulate the safety of meat, poultry and seafood across Victoria 
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
Production performance (fish growth in mean weight and total biomass, and survival) was 
estimated monthly (for the preceding month), on an overall site basis from the start of the 
study, and monthly (for the preceding month) at the production unit (per site) level, and 
since the last grading event (i.e. for each size-based sub-cohort). As the study was non-
replicated across sites or systems, analysis consists primarily of descriptive/summary 
statistics (see details following) and is mostly not suitable for hypothesis testing by 
standard statistical methods of comparative performance of systems or sites (see also 
Limitations of Data). 
Although not completely independent, the rate of growth of graded size cohorts (bigs and 
smalls) within individual trials and sites was calculated by fitting a linear regression for 
weight against time between grading events, and the slopes of regression lines were 
compared by ANOVA. Residuals versus fitted values were examined to judge the 
necessity of data transformation to satisfy the assumption of normality with constant 
variance. Prior to analysis, slope data for study site #2 was logarithmically transformed. 
Elsewhere in the present study (Chapter 5), relevant production data were assimilated into 
growth curves for bio-economic models as part of overall cost-benefit analysis for each 
site/system.  
Water quality summary statistics (mean/range) were recorded for the previous month (only 
parameters that had been analysed in the previous month) and overall since the start of the 
study for each site, and reviewed to identify anomalous conditions (outside optimal range 
for the species) and for qualitative trend analysis. 
A comparison of means of fatty acid and proximate composition for sampled fish from 
study site # 1 and #3 on 8 March 2006 was undertaken using Student’s t-test (Bhujel, 
2008). Analysis of market appraisal data was mostly qualitative only, and primarily 
involved determination of actual harvested weight (biomass) and wholesale value (‘farm 
gate’) of the product subject to selected processing regimes and as commercially sold into 
multiple market sectors (domestic and export). These values also provide key inputs to bio-
economic models as part of overall cost-benefit analysis for each site/system in subsequent 
reports for the study. Regressions were calculated to determine correlation between whole 
fish weight at harvest and processed (head-on, gilled and gutted) (HOGG) fish weight for 
sale and HOGG meat recovery (fillet) weight.  
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Table 3-2. Description of summary data and associated statistics for production performance of all 
cohorts for each individual site/system recorded on a monthly basis at all study sites, Red Cliffs, 
Victoria, for the period January 2005-April 2007. 
Parameter Description 
Trial period Period from when fish first stocked to when fish graded into new sub-
cohorts, or last fish harvested, or system de-commissioned 
Number of grade events The number of times when all fish in the cohort were removed from the 
system, size graded and re-stocked into size-based sub-cohorts back into 
the same system 
Number of stock in water Number of individuals at last head count – number of cumulative 
mortalities = Number of stock in water 
Number of observed 
mortalities 
Number of dead fish enumerated and physically removed from the system 
(does not include unaccounted for mortalities due to cannibalism, escapism 
etc) 
Number/biomass of stock 
harvested 
Number/biomass of live, ‘plate-sized’ fish harvested for market appraisal 
and/or commercial sale 
Mean length and weight Mean length and weight of sub-samples of fish from each cohort/sub-
cohort  
Biomass in water Number of fish in water x mean fish (g) weight = Biomass in water (g) at 
start and end dates of each trial period 
Density Density of stocked biomass at start and end of trial period 
Specific Growth Rate (SGR % 
body wgt day –1) 
(ln Wt2 – lnWt1)/(t2 – t1) x 100 = SGR ; 
Where Wt2 and Wt1 are weight (g) at times t2 and t1 respectively for each 
trial period. SGR not applicable when sub-cohort subject to harvesting 
during reporting period. 
Biomass yield Ratio of total biomass (harvested and residual stock in water) at end of trial 
period to stocked biomass at start of trial period 
Mean harvest weight Mean weight of sub-sample of harvested stock  
Food Conversion Ratio Ration of net gain in mean (wet) weight-based fish biomass to total amount 
of (dry) feed delivered within a designated period 

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A summary of start date, initial number, size, allocated site and system for each cohort (#1, 
2, 3, and 4) evaluated in the present study at all study sites at Red Cliffs, Victoria, for the 
period January 2005-March 2007, is provided in Table 3-1, and specifically also for cohort 
#1 only in Table 3-3. The study period for cohort #1 extended for a total of 777 days (> 
two years) at study site #1 (floating cages), 748 days (> two years) at study site #3 (floating 
raceways) and only 273 days (< one year) at study site #2 (floating tanks). During this time 
there were three grading events at study site #1 and 2, and four grading events at study site 
#3.  
Schematic flowchart summaries of key fish production stages, based on grading events, for 
Cohort #1 fish at study site #1, 2 and 3 for the study period are provided in Appendix 5, 
Appendix 6, and Appendix 7 respectively. Detailed summaries of biometric information 
describing production performance (growth, survival numbers/biomass and harvest 
size/number/biomass) of cultured Murray cod for cohort #1, and associated sub-cohorts, at 
all sites over time throughout the study period are provided in Table 3-3 to Table 3-9. A 
detailed summary of biometric information describing production performance (growth, 
survival numbers/biomass and harvest size/number/biomass) of cultured Murray cod for all 
other cohorts (#2, 3 and 4) throughout the study period is provided in Table 3-10. 
Specific growth rates (SGRs) for each cohort #1 sub-cohort (where applicable i.e. not 
confounded by effects of selective harvesting) were highly variable, ranging from a 
maximum of 1.57 % day-1 over a 28 day period at study site #1 in summer 2005 for 
ungraded (‘large stocker’) fish with initial mean weight 174g at an initial stocking density 
of 14.5 kg m-3 (Table 3-4), to a minimum of 0.05 for graded ‘bigs’ over 131 days at study 
site #3, for fish of initial mean weight of 1167g stocked at initial density of 86.6 kg m-3
during autumn/winter 2006 (Table 3-9). SGRs for other cohorts (#2, 3 and 4) were also 
highly variable and within the range for cohort #1, with a maximum SGR of 1.33 % day-1
for cohort #3 (‘small stocker’) fish at study site #2 over 113 days during summer-autumn 
at initial mean weight 83g and initial stocking density of 10.2 kg m-3, and a minimum SGR 
of 0.35 % day-1 for cohort #2 (‘large stocker’) fish produced in a floating cage at study site 
#3 over 411 days from February 2006 to April 2007 with initial mean weight of 442g and 
initial stocking density of 23 kg m-3 (Table 3-10).  
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Overall, there was no obvious trend over time, other than SGRs tended to be higher for 
smaller fish compared with larger fish, and SGRs tended to be consistently higher at study 
site #3 during the summer-autumn period, compared to other sites and seasons.  
Table 3-3. Summary of biometric information for overall performance of Murray cod (Cohort #1) 
production at all study sites for the period Jan. “05-Mar. “07; Site #1 - Thurla Farms P/L; Site #2 – 
Taylor & Sons P/L; Site #3 – Treviso Estate P/L.  
Study Site 1 2 3 
Trial period    
Start date 19/01/05 19/01/05 20/01/05 
Finish date 7/03/07 19/10/05 7/02/07 
Total no. days 777 273* 748 
No. grade events    
Start to finish date 3** 3 4 
No. stock in water    
Start date 2660 3665 3184 
Finish date 17 1038 43 
No. observed mortalities    
Start to finish date 255 2083 927 
No. stock harvested     
Start to finish date 1827 11+392*** 1503 
Mean length (range)(mm)    
Start date 254 (211 – 314) 199 (272 – 140) 200 (152 – 240) 
Finish date 393 (320 – 442) 291 (364 - 227) 414 (360 – 480) 
Mean weight (range)(g)    
Start date 193 (80 – 400) 104 (270 - 40) 99 (35 – 190) 
Finish date 840 (595 – 1180) 308 (570 - 150) 1246 (740 – 1890) 
Biomass (kg)    
Start date 512 381 314 
Finish date 14 320 178 
Harvested biomass (kg)    
Start to finish date 2317 3.4 1796 
Biomass yield     
Start to finish date 4.55 0.84 6.29 
Mean harvest weight (range) (kg/fish)     
Start to finish date (monthly) 1.27 (0.72-1.68) 0.31**** 1.20 (0.68-1.36) 
*  trial terminated prematurely due to system failure 
**  plus fish randomly split into two sub-cohorts on one occasion to reduce stocking density 
***  fish culled following grading (relocated for further growout elsewhere) 
****  fish harvested at end of trial only (for nutritional analysis) 
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Table 3-4. Summary of biometric information for performance of Murray cod production for Cohort 
#1/sub-cohort A1 & A2 (initial ungraded state) at Study Site #1 (floating cages), Red Cliffs, Victoria, 
for the period Jan.-Feb. “05. 
Production unit/sub-cohort A1/uniform size A2/uniform size 
Grade event ungraded ungraded 
Trial period   
Start date 19/01/2005 19/01/2005 
Finish date 16/02/2005 16/02/2005 
Total no. days 28 28 
No. stock in water   
Start date 1330 1330 
Finish date 1309 1138 
No. observed mortalities   
Start to finish date 5 10 
Length (mean/range)(mm)   
Start date 252 (211 – 288) 257 (215 – 314) 
Finish date 280 (244 – 338) 272 (225 – 320) 
Weight (mean/range)(g)   
Start date 174 (80 –260) 212 (120 – 400) 
Finish date 270 (155 – 515) 242 (115 – 405) 
Biomass (kg)   
Start date 231 282 
Finish date 353 275 
Density (kg m3 -1)   
Start date 14.5 17.6 
Finish date 22.1 17.2 
SGR (mean % day -1)   
Start to finish date 1.57 0.47 
C h a p t e r  3  |  O p e n - W a t e r  P r o d u c t i o n  C a s e - S t u d y  |  56  
Table 3-5. Summary of biometric information for performance of Murray cod production for Cohort 
#1/sub-cohorts A (including A1 and A2) and B, following the first grading event (17 Feb. “05), at Study 
Site #1 (floating cages), Red Cliffs, Victoria, for the period Feb. “05-Feb. “06 (Smalls/A were randomly 
redistributed by hand into two production units viz. Smalls/A1 & A2 on 7 May “05 to reduce stocking 
density; NA, not applicable). 
Production unit/sub-cohort A/Smalls A1/Smalls A2/Smalls B/Bigs 
Grade event 1 1 (A split) 1 (A split) 1 
Trial period     
Start date 17/02/2005 7/05/2005 7/05/2005 17/02/2005 
Finish date 6/05/2005 8/02/2006 8/02/2006 8/02/2006
Total no. days 78 277 277 356 
No. stock in water     
Start date 1233 612 616 1189 
Finish date 1228 566 482 791 
No. observed mortalities     
Start to finish date 3 13 13 26 
Length (mean/range)(mm)     
Start date 262 (219–283) 300 (206–520) 298 (225–335) 286 (246–357) 
Finish date 300 (206–520) 395 (290–440) 395 (342–475) 413 (367–464) 
Weight (mean/range)(g)     
Start date 191 (115–245) 365 (215–550) 376 (210–535) 279 (170–540) 
Finish date 371 (210–550) 965 (330–1550) 994 (520– 825) 1131 (680–1825) 
Biomass (kg)     
Start date 236 223 232 332 
Finish date 456 546 479 895 
Density (kg m3 -1)     
Start date 14.8 13.9 14.5 10.4 
Finish date 28.5 34.1 29.9 28.0 
SGR (% day -1)     
Start to finish date 0.85 NA NA NA 
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Table 3-6. Summary of biometric information for performance of Murray cod production for Cohort #1, sub-cohorts A1, A2, B1, B2 and B3 following grading event 2, and 
sub-cohorts A and B following grading event 3, in different production units at Study Site #1 (floating cages), Red Cliffs, Victoria for the period Feb. “06-March “07 (NA, 
not applicable).  
Production unit/sub-cohort A1/Smalls A2/Smalls B1/Bigs B2/Bigs B3/Bigs A/Smalls B/Bigs 
Grade event 2 2 2 2 2 3 3 
Trial period        
Start date 17/02/2006 17/02/2006 17/02/2006 17/02/2006 17/02/2006 18/10/2006 18/10/2006 
Finish date 18/10/2006 18/10/2006 03/05/2006* 31/05/2006* 26/07/2006* 7/03/2007 7/02/2007* 
Total no. days 243 243 75 103 159 140 112 
No. stock in water        
Start date 398 391 300 352 373 80 93 
Finish date 269 19 129 174 126 17 92 
No. observed mortalities        
Start to finish date 38 18 78 20 27 0 1 
Length (mean/range)(mm)        
Start date 387 (352–414) 392 (330–415) 424 (379–486) 426 (380–498) 425 (385–466) 384 (292–413) 423 (396–450) 
Finish date 410 (301–468) 404 (346–450) 448 (416-497) 449 (416-500) 462 (417-501) 393 (320–442) 457 (415-485) 
Weight (mean/range)(g)        
Start date 880 (645–1185) 886 (530–1115) 1243 (865–2450) 1208 (1000–570) 1218 (840–25) 860 (700–1045) 1196 (960–1470) 
Finish date 1121 (720–1980) 1088 (615–1525) 1624 (1195-2210) 1488 (1000-1905) 1766 (980-2495) 840 (595–1180) 1529 (1070-2290) 
Biomass        
Start date 350 346 373 425 454 69 111 
Finish date 302 21 209 259 223 14 141 
Density (kg m3 -1)        
Start date 21.9 21.6 23.3 26.6 28.4 4.3 6.9 
Finish date 18.9 1.3 13.1 16.2 13.9 0.9 8.8 
SGR (% day -1)        
Start to finish date 0.10 0.08 NA NA NA NA NA 
* last date at which fish were sub-sampled and measured prior to all fish being harvested, and trial terminated for relevant sub-cohort
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Table 3-7. Summary of biometric information for Murray cod Cohort #1, for all grades, in different 
culture units at Study Site #2 (floating tanks) for Case Study #1, Trial #1, Red Cliffs, Victoria for the 
period Jan. “05-Oct. “05. 
Production unit/sub-
cohort 
A/Smalls B/Bigs A/Smalls A/Mediums A/Smalls* 
Grade event 1 1 2 2 3* 
Trial period      
Start date 19/01/2005 19/01/2005 17/02/2005 17/02/2005 27/06/2005 
Finish date 16/02/2005 19/10/2005 27/06/2005 27/06/2005 19/10/2005 
Total no. days 28 273 130 130 114 
No. stock in water      
At start date 2675 990 817 1225 1474* 
At finish date 2041 685 775 1141 353 
No. observed mortalities*      
Start to finish date 527 328 42 65 1121 
Mean Length 
(range)(mm) 
     
Start date 185 (140–
214) 
238 (193–
272) 
187 (158–
205) 
209 (187–
297) 
251 (219-
277) 
Finish date 196 (163–
237) 
307 (257–
364) 
243 (221–
267) 
263 (234–
296) 
262 (241-
298) 
Mean Weight (range)(g)      
Start date 85 (40–135) 156 (75–270) 80 (40–110) 105 (70–65) 189 (120-
320) 
Finish date 99 (50–190) 357 (215–
570) 
158 (115–
235) 
221 (140–
335) 
213 (150-
330) 
Biomass (kg)      
Start date 227 154 65 129 279 
Finish date 202 245 123 252 75 
Density (kg m3 -1)      
Start date 22.7 15.4 13.1 12.9 27.9 
Finish date 20.2 24.5 24.5 25.2 7.5 
SGR (% day -1)      
Start to finish date 0.54 0.30 0.52 0.57 0.10 
* all fish smaller than the designated A/Smalls sub-cohort culled and terminated from the trial after the third 
grade.
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Table 3-8. Summary of biometric information for Murray cod Cohort #1, including initial ungraded state and grades 1 and 2, in different culture units at Study Site #3 
(floating raceways), Red Cliffs, Victoria, for the period Jan. “05-Feb. “06. 
Production unit/sub-cohort AB1 AB2 A/Smalls B/Bigs A/Smalls B/Bigs 
Grade event Ungraded Ungraded 1 1 2 2 
Trial period       
Start date 20/01/2005 20/01/2005 17/02/2005 17/02/2005 5/05/2005 5/05/2005 
Finish date 16/02/2005 16/02/2005 4/05/2005 4/05/2005 16/02/2006 16/02/2006 
Total no. days 27 27 76 76 287 287 
No. stock in water       
Start date 1585 1599 600 1677 877 1278 
Finish date 1447 830 566 1616 799 965 
No. observed mortalities       
Start to finish date 37 261 27 67 81 241 
Mean length (range) (mm)       
Start date 215 (186–240) 186 (152–215) 199 (108–237) 233 (195–275) 258 (222–287) 297 (260–95) 
Finish date 230 (186–265) 203 (167–234) 251 (194– 90) 293 (245– 84) 351 (273– 20) 402 (349–445) 
Mean weight (range) (g)       
Start date 125 (70–190) 73 (35–105) 100 (40–150) 164 (85–305) 221 (130–350) 367 (245–700) 
Finish date 156 (35–290) 100 (35–160) 217 (90–365) 368 (200–665) 751 (305–1260) 1147 (675–1360) 
Biomass (kg)       
Start date 198 117 60 275 194 469 
Finish data 226 83 123 595 600 1107 
Density (kg m3 -1)       
Start date 15.2 9.0 4.6 21.2 14.9 36.1 
Finish date 17.4 6.4 9.5 45.5 46.2 85.2 
SGR (% day -1)       
Start to finish date 0.82 1.17 1.02 0.99 NA NA 
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Table 3-9. Summary of biometric information for Murray cod Cohort #1, grades 3 and 4, in different 
culture units at Study Site #3 (floating raceways), Red Cliffs, Victoria, for the period Feb.“06-Feb.“07 
(NA, not applicable). 
Production unit/sub-cohort A/Smalls B/Bigs A/Smalls B/ Bigs 
Grade event 3 3 4 4 
Trial period     
Start date 17/02/2006 17/02/2006 18/10/2006 18/10/2006 
Finish date 18/10/2006 28/06/2006* 07/02/2007 10/01/2007 
No. days 243 131 112 54 
No. stock in water     
At start date 799 965 215 138 
At finish date 526 499 43 84 
No. observed mortalities     
Start to finish date 180 22 180 27 
Mean length (range)(mm)     
At start date 366 (331–393) 409 (300–441) 357 (262–408) 415 (377–450) 
At finish date 387 (314–446) 431 (355–462) 414 (360–480) 451 (416–477) 
Mean weight (range)(g)     
At start date 758 (555–1005) 1167 (870–1565) 696 (290–940) 1136 (920–1410) 
At finish date 899 (420–1370) 1252 (645–1805) 1246 (740–1890) 1591 (1230–2155) 
Biomass (kg)     
At start date 606 1126 150 157 
At finish date 473 625 54 134 
Density (kg m3 -1)     
At start date 46.6 86.6 11.5 12.1 
At finish date 36.4 48.1 4.1 10.3 
SGR (% day -1)     
Start to finish date NA NA NA NA 
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Table 3-10. Summary of biometric information for Murray cod Cohort #2 reared in a floating cage at Study Site #3 , Cohort #3 in different culture units at Study 
Site #2 (floating tanks), for Cohort #4 at Study Site #3 (floating raceway), Red Cliffs, Victoria, for the period Feb. “06-April ”07.  
Cohort/Study Site  2/3 3/2  3/2 3/2 4/3 
Production unit/sub-cohort A/ungraded A/smalls B/mediums C/bigs A/ungraded 
Trial period      
Start date 17/02/2006 12/12/2006 12/12/2006 12/12/2006 7/03/2007 
Finish date 4/04/2007 4/04/2007 7/03/2007 4/04/2007 4/04/2007 
No. days 411 113 85 113 28 
No. stock in water      
Start date 1668 1233 71 206 1307 
Finish date 115 430 26 192 1293 
No. observed mortalities      
Start to finish date 1625 815 34 25 19 
Mean length (range)(mm)      
Start date 375 (308–430) 193 (175–283) 229 (170–270) 334 (277–365) 224 (126–262) 
Finish date 455 (395–525) 289 (246–481) 311 (236–354) 365 (315–411) 257 (184–310) 
Mean weight (range)(g)      
Start date 442 (165–645) 83 (60–150) 167 (65–295) 490 (260–640) 198 (90–320) 
Finish date 1836 (1105–3160) 374 (245–615) 478 (195–705) 749 (450–1000) 267 (75–455) 
Biomass (kg)      
Start date 737 102 12 101 259 
Finish date 211 161 12 144 345 
Density (kg m3 -1)      
Start date 23.0 10.2 2.4 10.1 19.9 
Finish date 6.6 16.1 2.5 14.4 26.5 
SGR (% day -1)      
Start to finish date 0.35 1.33 1.24 0.38 1.07 
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Table 3-11. Summary estimates of indicative average food conversion ratio (FCR) and associated specific growth rate (SGR), measured as % day-1, for designated 
weight classes and seasons for all Murray cod production data (pooled) subject to specified assumptions (see text) for each study site during the period January 
2005-April 2007, Red Cliffs, Victoria; designated weight class and season for each estimate is based on mean weight and sample date at end of relevant production 
period; estimates are averages of all relevant (pooled) data for the same weight class, season and study site; -, no data. 
Wgt class Season Study site 
#1 #2 #3 
FCR SGR (% day-1) FCR SGR (% day-1) FCR SGR (% day-1)
<400g Summer 1.01 1.53 1.44 1.21 2.80                         0.79 
Autumn 1.68 0.74 1.87 0.86 1.48 1.01 
Winter - - 2.55 0.85 - - 
Spring - - - - 1.95 0.45 
400-600g Summer - - - - 1.88  0.81 
Autumn 1.69 0.91 - - 2.03 0.77 
Winter 2.05 0.54 1.51 0.36 - - 
Spring - - - - 2.85 0.39 
600-800g Summer - - - - 1.69 0.89 
Autumn - - 1.78 1.00 - - 
Spring 1.25 0.47 - - 2.43 0.46 
800-1000g Summer 2.31 0.65 - - - - 
Spring - - - - 2.25 0.65 
1000-2000g Summer - - - - 1.45 0.93 
Spring 1.96 0.35 - - - - 
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Summary estimates of indicative average FCRs and associated SGRs overall for designated 
weight classes and seasons for all Murray cod production data (all cohorts pooled) subject to 
specified assumptions (see Methods) for each study site during the entire study are provided 
in Table 3-11. FCRs ranged between 1.01-2.05, 1.44-2.55 and 1.45-2.85 at study sites #1, 2 
and 3 respectively. SGRs ranged between 0.35-1.53, 0.36-1.21 and 0.39-1.01% % day-1 at 
study sites #1, 2 and 3 respectively. Again, there were no obvious trends, with high variability 
in FCRs and SGRs between seasons, size classes and sites. 
Plots of mean (±se) length (mm) and weight (g) of Murray cod, for Cohort #1 fish (including 
all size grades and associated sub-cohorts), at study site #1, 2 & 3 for the study period Jan. 
“05-April ”07 are provided in  
Figure 3-1, Figure 3-3 and Figure 3-5; respectively. Murray cod biomass data for Cohort #1 
including number of fish in water, accumulated numbers harvested, accumulated number of 
observed mortalities, biomass (kg) of alive fish and accumulated harvested fish weight (kg) 
for Cohort #1 fish during the study period are provided in Figure 3-2, Figure 3-4 and Figure 
3-6.  
Cohort #1 fish stocked in January 2005 at a mean weight of 200-252 g reached a mean weight 
of approximately 1.0 kg after about 12 months at both study site #1 (both sub-cohorts) and #3 
(‘bigs’ sub-cohort). Harvesting for commercial market appraisal commenced at study site #1 
in June 2005 (after approximately five months) and at study site #3 in September 2005 (after 
approximately eight months) at an approximate mean weight of 500 g. Maximum mean 
weights of > 1.85 kg and > 1.55 kg were achieved in June 2006 (after approximately 17 
months) and January 2007 (after approximately 24 months) at study sites #1 and #3 
respectively. Decreases in mean weight of sub-cohorts at study site #1 in July 2006 and 
March 2007, and at study site #3 in July 2006, were as a result of selective harvesting of fish 
> 1.2 kg mean weight. Overall, mean weight mostly increased steadily at both sites 
throughout the study period; most rapidly with spring and summer seasonal water temperature 
increases in all sub-cohorts, and less rapidly during cooler winter temperatures in most sub-
cohorts. It is notable that growth of both sub-cohorts at study site #1 increased steadily during 
winter of 2005 and for the larger sub-cohort in winter of 2006, despite decreasing water 
temperature.  
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a. 
b. 
Figure 3-1. Mean (±se) length (a.) and weight (b.) of Murray cod for Cohort #1, all size grades, and water 
temperature at study site #1, Red Cliffs, Victoria, for the period Jan. “05-April ”07. Black vertical lines 
(without arrows) represent grading events; black vertical line with arrow represents the date at which 
harvesting started at this site. 
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a.
b. 
Figure 3-2. Murray cod biomass (kg) data for Cohort #1 at study site #1, Red Cliffs, Victoria, for the 
period Jan. “05-April ”07 (a.) number of fish in water, accumulated numbers harvested and accumulated 
number of observed mortalities, and (b.) biomass of live fish and accumulated harvested fish weight (kg). 
Data for ‘cumulative fish harvest’ estimated at times when fish were harvested; vertical lines indicate 
dates on which fish counts were made and estimated numbers and biomass were adjusted accordingly. 
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a. 
b. 
Figure 3-3. Mean (±se) length (a.) and weight (b.) of Murray cod for Cohort #1, all size grades, and water 
temperature at study site #2, Red Cliffs, Victoria, for the period Jan. “05 - Oct. ”05. Black vertical lines 
(without arrows) represent grading events (no harvesting was carried out). 
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a. 
b. 
Figure 3-4. Murray cod biomass (kg) data for Cohort #1 at study site #2 Red Cliffs, Victoria, for the 
period Jan. “05-April ”07 (a.) number of fish in water, accumulated numbers harvested and accumulated 
number of observed mortalities, and (b.) biomass of live fish and accumulated harvested fish weight (kg). 
Data for ‘cumulative fish harvest’ estimated at times when fish were harvested; vertical lines indicate 
dates on which fish counts were made and estimated numbers and biomass were adjusted accordingly. 
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a. 
b. 
Figure 3-5. Mean (±se) length (a.) and weight (b.) of Murray cod for Cohort #1, all size grades, and water 
temperature at study site #3, Red Cliffs, Victoria, for the period Jan. “05-Jan. ”07. Black vertical lines 
(without arrows) represent grading events; black vertical line with arrow represents the date at which 
harvesting started at this site. 
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a. 
b. 
Figure 3-6. Murray cod biomass (kg) data for Cohort #1 at study site #3, Red Cliffs, Victoria, for the 
period Jan. “05-Jan. ”07 (a.) number of fish in water, accumulated numbers harvested and accumulated 
number of observed mortalities, and (b.) biomass of live fish and accumulated harvested fish weight (kg). 
Data for ‘cumulative fish harvest’ estimated at times when fish were harvested; vertical lines indicate 
dates on which fish counts were made and estimated numbers and biomass were adjusted accordingly. 
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The effect of grading on growth rates of individual sub-cohorts is most evident after grading 
events in February 2005 and February and October 2006 at study site #1 (Figure 3-1), and in 
February 2005 and October 2006 at study site #3 (Figure 3-5). ANOVA results for comparing 
growth rates of different graded size cohorts over time for Trial #1 fish only at all three study 
sites are presented in Table 3-12. 
Table 3-12. ANOVA results for comparing growth rates of different graded size cohorts over time for 
Trial #1  
Site Source of 
variation  d.f. s.s. m.s. v.r. P-value 
#1 Size cohort 1 5815.1 5815.1 8.6 0.043 
Residual 4 2704.4 676.1     
Total 5 8519.6       
  
      
#2 Size cohort 1 0.34666 0.34666 7.29 0.054 
Residual 4 0.19024 0.04756     
Total 5 0.5369    
      
#3 Size cohort 1 844 844 0.27 0.623 
Residual 6 18879 3146     
Total 7 19723       
At study site #1, for all grading events (and associated size sub-cohorts), results indicated that 
the rate of growth between smalls and bigs was significantly different (P=0.043), with bigs 
growing typically at a faster rate than smalls throughout the trial across all grading events. 
Regression lines for growth rates of all graded size cohorts for trial #1 fish at site #1 are 
provided in Figure 3-7. At study site #2, the strength of evidence for faster rates of growth in 
bigs compared to smalls was weaker than at site #1, being not significant at the 5% level 
(P=0.054). At site #3, there was no significant difference between graded sizes over time 
(P=0.623). 
Despite cumulative effects of harvesting and mortalities, biomass of cohort #1 fish in the 
water peaked at both study sites #1 and #3 in April and February 2006 respectively, when all 
sub-cohorts at study site #1 and the ‘bigs’ sub-cohort at study site #3 were at mean weight > 
1.0 kg. Biomass decreased proportionately with increasing harvest of fish at mean weight > 
1.0 kg thereafter (Figure 3-2, Figure 3-6). 
Growth rates of all sub-cohorts at study site #2 were confounded by ongoing system failures 
and associated high mortalities, despite grading events. No fish were harvested for 
commercial market appraisal at this site, other than a small sample used for nutritional 
analysis once the trial at this site was terminated in October 2005 (Table 3-3; Figure 3-3, 
Figure 3-4). 
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Figure 3-7. Regression lines and summary statistics for comparing growth rates of ‘bigs’ and ‘smalls’ size 
grades over multiple grading events (P<0.05) for Cohort #1 Murray cod at study site #1, Red Cliffs, 
Victoria, for the period Jan. “05 – April “07. 
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Over the entire study period for cohort #1, the highest harvested biomass (2317 kg) and mean 
harvest weight (1.27 kg) was achieved at study site #1 (floating cages), followed by study site 
#3 (floating raceways), with harvested biomass of 1796 kg and mean harvest weight of 1.2 kg, 
and study site #2, with harvested biomass of 3.4 kg and mean harvest weight of 0.31 kg. The 
highest biomass yield over the entire study period was achieved at study site #3 (6.29), 
followed by study site #1 (4.55) and study site #2 (0.84). The highest number of observed 
mortalities over the entire study period occurred at study site #2 (56.8%), followed by 29.1% 
at study site #3 and 9.6% at study site #1, although unaccounted for (unobserved) mortalities 
were 3.9%, 22.4% and 21.1 % respectively. Fish production was terminated early at study site 
#2, with only a single month’s harvest undertaken, due to persistent system failures and 
associated high fish mortality.  
As previously stated, due to the combined confounding effects of size grading, harvesting and 
unaccounted for mortalities, and the overall lack of replication, it was not possible to 
accurately estimate actual FCRs for any cohorts, or indeed SGRs for all cohorts, throughout 
the study. However, indicative average FCRs and associated SGRs were estimated for 
different nominal size classes on a seasonal basis using pooled data for all cohorts reared at 
each site (Table 3-11), subject to specific assumptions (and associated data filters) to account 
for inherent data errors and ‘outliers’. Assumptions for this analysis include: 
• Data only included where the difference in stock number between the start and end of 
the monitored growth period varies <10% between actual and estimated (to account 
for overfeeding and exaggerated FCRs due to over-estimation of standing biomass) 
• Daily feed rations capped at 2% mean body weight/day (to account for ‘controlled’ 
overfeeding during weaning, acclimation, demonstrations etc) 
• Data only included for FCRs 1.0 and 3.0 and SGRs 0.3 % day-1 and 2.0 % day-1
(to account for periods in which feeding and growth were affected by extraordinary 
circumstances such as system failure, major disease outbreaks, gross over-feeding due 
to effects of cannibalism etc).  
͵Ǥ͵Ǥʹ 
Results of water quality monitoring during the reporting period January 2005 – April 2007 are 
presented in summary for all study sites (#1, 2 and3) and parameters in Table 3-13 and Figure 
3-8 to Figure 3-13. Results of ionic composition and broad spectrum screening of heavy 
metals, agricide and organic compounds from annual and seasonal water samples from each 
study site for the period January 2005 and January – November 2006 are provided in Table 
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3-14 and Table 3-15; respectively. Operational water depth of fish production systems for all 
study sites during the same period is provided in Figure 3-14. For some parameters, 
anomalous values resulting from technical error have been deleted from the analysis as part of 
routine data quality control procedure. 
Table 3-13. Summary of mean (min.-max.) weekly water quality measurements for water quality key 
parameters at study site #1, #2 and #3, Red Cliffs, Victoria, for the period Jan. “05-April ”07. 
Parameter (mg L-1) Site 1 Site 2 Site 3 
Total Ammonia Nitrogen 0.59 (0 – 2.00) 0.17 (0 – 1.14) 0.23 (0 – 1.60) 
Nitrite  0.032 (0 – 1.3) 0.021 (0 – 1.6) 0.021 (0 – 1.058) 
Nitrate  3.9 (0.1 – 43.8) 1.8 (0.1 – 6.0) 2.4 (0 – 11.6) 
Orthophosphate  0.45 (0.015 – 5.48) 0.41 (0.007 – 5.75) 0.67 (0.01 – 5.50) 
Alkalinity 19 (2 – 154) 21 (2 – 41) 25 (3 – 53) 

Temperature (at depth 1m) followed a typical seasonal pattern (Figure 3-8a), with maxima 
occurring in summer (January-February) and minima occurring in winter (July) at all three 
sites. Maxima of mean temperatures for all three sites ranged between < 24-25 ºC (study site 
#1) and >27 ºC (study site #2) in 2005, 27 ºC (study site #1) and > 30 ºC (study site #3) in 
2006, and 25 ºC (study site #1) and 29 ºC (study site #3) in 2007. Minima of mean 
temperatures for all three sites ranged between 10-11 ºC (all study sites) in 2005, and <8-10 
ºC (all study sites) in 2006. 

The pH range for study site #1 fluctuated between about 6.9 and 7.4 throughout the study 
period, with no obvious seasonal or other pattern. In contrast, the pH range was much higher 
at study site #2, fluctuating between about 7.6 and 9.0, and at study site #3, fluctuating 
between about 7.3 and 9.7, with peaks occurring mostly in response to non-irrigation pumping 
periods in winter (June-August) 2005 and 2006 (Figure 3-8b). Other isolated peaks also 
occurred in late spring (November) 2006 and late autumn (April) 2007 at study site #3 
immediately prior to and following the peak irrigation season. Mean alkalinity was similar, 
relatively low and consistent at all sites throughout the study period, with maximum levels 
recorded at study site #1 despite the overall mean being the lowest of all three sites (Table 
3-13).  

Dissolved oxygen (DO) concentration broadly overlapped between all three sites following 
seasonal patterns throughout the study period, mostly ranging between a minimum of about 5 
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mg L-1 in autumn (March-April) and a maximum of about 10-12 mg L-1 in winter and early 
spring (June-September)(Figure 3-9a). Isolated minima as low as 4 mg L-1 at study site #1 in 
March 2007, and maxima as high as 14-15 mg L-1 in August 2005 at study site # 1 and in June 
2006 at study site #3, also occurred in response to combined seasonal influence and non-
irrigation pumping periods. 
A diurnal cyclical pattern of DO concentration under the combined influence of ambient and 
mechanical aeration was evident at study site #1 during a four day period in January 2006 
(Figure 3-9b). This study site was subject to ambient aeration during daylight hours, plus 
supplementary mechanical (paddlewheel) aeration for six hours each night. Maximum DO 
concentrations were  7 mg L-1, shortly after the paddlewheel turned on, and declined steadily 
for the next 24 hours to background (ambient) levels, with minimum DO of about 4.5-5.5 mg 
L-1 around midnight. DO concentrations at study site #2 and #3 subject to constant 
supplementary mechanical aeration (integrated within the design of the fish production 
system) were overall higher and more variable than for study site #1, broadly overlapping and 
with no obvious diurnal pattern. Maximum concentrations ranged approximately between 11-
12 mg L-1 and minimum concentrations ranged approximately between 7-8 mg L-1 (Figure 
3-9b). There were no critical DO minima at any study site during this four day period. 

Conductivity at all three study sites was broadly overlapping for most of the study period at 
relatively low levels typically indicative of fresh water with little or no saline intrusion 
(Figure 3-10). Maximum conductivity ranged between 240-260 μs cm-1
at all three sites in late winter-early spring 2005 and 260 μs cm-1 at study site #3 in late winter 
2006 (all during non-irrigation pumping period), and minimum conductivity ranged 
approximately between 90-150 μs cm-1 at all three study sites in summer 2005-07 (during 
peak irrigation pumping period).

The clarity of water at study site #1 was relatively low and ranged between Secchi disk depth 
of 4-32 cm, increasing steadily throughout the reporting period but overall with little 
variability and lower than the other two study sites for most of the time. Clarity at the other 
two sites was much higher, broadly overlapping and subject to combined seasonal climatic 
and irrigation pumping conditions for most of the reporting period (Figure 3-11). Maximum 
Secchi disk depths approximately ranged between 104-112 cm at study site #2 and #3 in late 
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winter 2005 and in late winter-early spring 2006 at study site #2. Minimum Secchi disk 
depths approximately ranged between 16-32 cm in autumn 2005 and 2006 at study sites #2 
and #3 and 12 cm in spring 2006 at study site #3 (noting latter records at a time when Secchi 
disc depth was peaking at study site #2; anomaly thought to be due to isolated plankton bloom 
at study site #3).  
The relationship of water clarity, as measured by Secchi disc depth, and water temperature is 
presented graphically for each study site in Figure 3-12. Study sites #2 and #3 show a broad 
inverse correlative relationship during the reporting period, with peaks in water temperature 
occurring in January-February 2005-07 during peak irrigation pumping periods, mostly 
corresponding with minimum Secchi disc depth. Conversely, peaks in Secchi disc depth in 
June-July 2005-06 during non-irrigation pumping periods, mostly corresponded with 
minimum water temperatures in June-July 2005-06. There was no obvious correlation 
between Secchi disc depth and water temperature at study site #1, with Secchi disc depth 
increasing steadily but remaining relatively low throughout the study period, despite ambient 
seasonal water temperature fluctuations, with peaks corresponding with peak irrigation 
pumping periods in summer months (Figure 3-12).  

Mean Total (Ammonia) Nitrogen (TAN) was higher overall at study site #1 compared to 
study sites #2 and #3 throughout the study period, with concentrations generally higher at all 
sites in 2005 than in following years, but with no obvious trend(s) (Table 3-13, Figure 3-13). 
Maximum TAN of 2.0 mg L-1 occurred at study site #1 during January-May 2005, of 1.14 mg 
L-1 at study site #2 in May 2005 and 1.6 mg L-1 at study site #3 in October 2005. For the 
remaining period, maxima were comparatively low and < 0.8 mg L-1 at study site # 1, < 0.6 
mg L-1 at study site # 2 and < 0.4 mg L-1 at study site #3 (Table 3-13, Figure 3-13). In most 
cases, peak TAN levels occurred when pH and water temperature (primary determinants of 
proportion of TAN occurring as unionised ammonia NH3) were relatively low (Figure 3-13). 
Accordingly, it is estimated that the range of unionised ammonia concentrations at all three 
study sites did not exceed 0.012-0.017 mg L-1 (i.e. <1% of TAN concentration) at any time 
during the study period. 
Overall, mean and maximum nitrite and nitrate levels were consistently similar at all three 
study sites throughout the study period, with the exception of a higher maximum nitrate level 
of 43.8 mg L-1 recorded briefly at study site #1 (Table 3-13). Overall, there were no obvious 
trends apparent for nitrite or nitrate levels during the reporting period. 
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
Overall, mean and maximum orthophosphate concentrations were consistently similar at all 
three study sites throughout the study period (Table 3-13), with no obvious trend(s) apparent. 

The ionic composition of the water sampled at all sites in January 2005 and 2006 shows no 
apparent inter-annual trend over time or between sites, with some ions increasing at each site 
over this 12 month period, and some decreasing. Likewise, when compared at each site on a 
quarterly, seasonal basis during 2006, there was no obvious trend in ionic composition when 
compared between sites over time (Table 3-14). Total (ammonia) nitrogen, nitrate, total 
phosphorous and alkalinity levels measured on a one-off seasonal basis as part of the analysis 
of ionic composition (Table 3-14), were all mostly similar between study sites, within the 
range of mean weekly measurements for corresponding parameters (Table 3-13), and with no 
obvious trends or anomalies apparent during the reporting period. 
ǡ
All tested heavy metals and organic agricide compounds were at relatively low concentrations 
or below detectable limits at all sites, with no obvious trend over time between sites or years 
(January 2005-January 2006), or on a quarterly basis between sites or seasons in 2006 (Table 
3-15). These data are for total (particulate and soluble) fraction in the sample. Accordingly, an 
obvious peak (order of magnitude greater than other concentrations) in Al3+ at site # 1 in 
November 2006 is possibly an anomalous measurement due to inclusion of extraneous 
particulate material or other contaminates in the water sample being analysed.  

Mean operational water depth at the fish production systems throughout the study period was 
variable at all sites, with maximum depths mostly corresponding to irrigation pumping events 
and to a lesser extent periodic rainfall events (Figure 3-14). Depth was mostly lowest at study 
site #2, approximately ranging between a minimum of 2.0m in September 2006 and March 
2007, and a maximum of 5.5m in August 2005. Depth was mostly higher at the other sites, 
with levels approximately ranging between a minimum of 3.5-4m in May and December 
2005, December 2006 and January 2007 and a maximum of 6-6.5m in August 2005, July 
2006 and February 2007 at study site #3, and between a minimum of 4-5m in February and 
November 2005 and February 2006 and a maximum of 9m in February, March, September 
and November 2005 at study site #1.  
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a. 
b. 
Figure 3-8. (a.) Logged (3 day moving average) temperature and (b.) pH of water at all study sites (#1, 2 
and 3), Red Cliffs, Victoria, for the period Jan. “05-April ”07. Missing data due to probe error and/or 
logger malfunction.  
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a. 
b. 
Figure 3-9. (a.) Logged dissolved oxygen levels (weekly moving average) of water for the period Jan. “05-
April ”07, and (b.) logged diurnal dissolved oxygen levels (hourly readings) for these sites for the 
representative period 9-12 Jan. “06, at all study sites (#1, 2 and 3), Red Cliffs, Victoria. Vertical black 
lines for latter indicate midnight (24:00 hours) where the paddle wheel aerator started operation at Site 1; 
missing data due to probe error and/or logger malfunction. 
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Figure 3-10. Logged electrical conductivity (μs/cm; weekly moving average) of water at all study sites (#1, 
2 and 3), Red Cliffs, Victoria, for the period Jan. “05-April ”07. Missing data due to probe error and/or 
logger malfunction. 
Figure 3-11. Secchi depth (cm) at study sites #1, 2 and 3, Red Cliffs, Victoria, for the period Jan. “05 - 
April ”07. 
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a.

b. 
c. 
Figure 3-12. Relationship of Secchi depth and water temperature at study site #1, 2 and 3, Red Cliffs, 
Victoria, for the period Jan. “05-April ”07. 
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a.
b. 
c. 
Figure 3-13. Relationship of Total (Ammonia) Nitrogen and pH, as a determinant of effective unionised 
ammonia concentration at (a.) study site #1 (b.) study site #2 and (c.) study site #3, Red Cliffs, Victoria, for 
the period Jan. “05-April ”07. 
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Figure 3-14. Operational depth (m) of water at location of fish production systems within study sites #1, 2 
and 3, Red Cliffs, Victoria, for the period Jan. “05 - April ”07. 
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Table 3-14. Ionic composition and general water quality analysis (mg L-1) for seasonal/annual water samples at study sites #1, #2 and #3, Red Cliffs, Victoria, for the 
period Jan. “05-Nov ”06 (ND, no data) (source: WSL Consultants Pty. Ltd., trading as Ecowise Environmental). 
Date Jan. 2005 Jan. 2006 Apr. 2006 Jul. 2006 Nov. 2006 
Study site #1 #2 #3 #1 #2 #3 #1 #2 #3 #1 #2 #3 #1 #2 #3 
Calcium 3.1 3 4.5 4.3 5.2 8.3 7.1 6.4 5.8 7.8 7.7 6.1 7.1 6.2 5.2 
Potassium 4.9 2 2.2 0.4 0.9 3.9 4.5 2.2 2.5 3 1.9 2.1 1.6 0.93 <0.05 
Magnesium 10 6.7 7.9 2.5 1.9 4.6 5.4 3.6 3.2 5 4.1 4.2 4.2 3.6 2.5 
Sodium 30 21 24 20 14 24 20 14 16 31 18 38 31 19 24
Chloride 40 21 21 21 17 25 24 17 16 21 17 16 27 20 20 
Sulphate <1 2 29 12 9 13 7 4 5 4 2 8 9 7 11 
Total Nitrogen 1.2 0.8 0.8 1 0.3 1.3 1.9 0.4 1 1.7 0.4 1 2.3 0.6 1.3 
Nitrate_nitrogen 0.37 <0.01 <0.01 0.32 <0.01 1.2 1 0.03 0.21 1.2 0.02 0.25 0.36 <0.01 0.62 
Total Phosphorous <0.01 0.02 0.06 0.74 0.67 0.84 0.27 0.07 0.11 0.26 <0.01 1.18 0.19 0.04 0.26 
Alkalinity (CaCO3) 28 32 30 42 36 34 36 36 36 44 38 72 37 37 47 
Bicarbonate, Carbonate and Hydroxide as CaCO3<2 
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Table 3-15. Broad spectrum heavy metal, agricide/organic compound analysis of seasonal water samples (μg L-1) at study sites #1, #2 and #3, Red Cliffs, Victoria, for 
the period Jan. “05-Nov ”06; ND, no data (source: WSL Consultants Pty. Ltd., trading as Ecowise Environmental). 
Date  Jan. 2005 Jan. 2006 Apr. 2006 Jul. 2006 Nov. 2006 
Study Site #1 #2 #3 #1 #2 #3 #1 #2 #3 #1 #2 #3 #1 #2 #3 
Al 12 4 3.2 3.5 3.8 17 12 1.9 1.6 2.2 0.37 0.15 87 0.08 0.13 
Ag <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 
As <0.001 <0.001 <0.001 0.004 0.006 0.005 0.007 0.003 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.002 
B 0.18 0.14 0.21 0.18 0.12 0.08 0.28 0.2 0.21 <0.01 <0.01 0.05 0.02 0.02 0.11 
Ba 0.15 0.05 0.06 0.05 0.05 0.12 0.11 0.05 0.04 0.08 0.03 0.02 0.06 0.03 0.03 
Be <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 
Cd <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 
Co <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 
Cr 0.05 0.01 0.01 <0.01 <0.01 0.03 0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 
Cu 0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 
Fe 24 4.2 4.2 3.8 3.8 27 16 2.3 2.4 1.3 0.13 0.12 0.62 0.16 0.31 
Hg <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 
Mn 0.05 0.04 0.04 0.04 0.05 0.05 0.05 0.03 0.03 <0.01 <0.01 <0.01 <0.01 0.03 0.02 
Mo <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 
Ni 0.01 <0.01 <0.01 <0.01 <0.01 0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 
Pb <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 
Sb <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 
Se 0.01 <0.01 <0.01 0.001 0.001 0.003 0.004 0.005 0.011 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 
Sn <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 
Sr 0.1 0.08 0.09 0.09 0.07 0.1 0.1 0.07 0.06 0.06 0.05 0.06 0.06 0.05 0.06 
Ti 0.13 0.19 0.2 <0.01 <0.01 0.1 0.13 0.02 0.03 0.07 <0.01 <0.01 <0.01 <0.01 <0.03 
Tl <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 
V 0.05 0.01 0.01 <0.01 <0.01 0.04 0.02 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 
Zn 0.02 0.01 <0.01 0.01 <0.01 0.02 0.03 ND ND <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 
HCB, a-BHC, Lindane, Heptachlor, Heptachlorepoxide Aldrin, b-BHC, DDE, Dieldrin, DDD, DDT, Endrin, Methoxychlor, Chlordane, a-Endosulphan, b-
Endosulphan, Endosulphan sulphate, Endrinaldehyde <0.001 
Monchlorophenoxy acetic acid, 2 4-Dichlorophenoxy acetic acid, 245-Trichlorophenoxy acetic acid <0.1 
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A total biomass of 4,113 kg (whole weight), with total market value AUD$57,621 
(average ‘farm-gate/whole weight’ unit price $14/kg), was harvested for market 
evaluation of cohort #1 fish from study sites #1 and 3 (combined) over the entire trial 
period from January 2005 to April 2007 (Table 3-16). Actual fish harvest 
commenced in June 2005 at study site #1 and in September 2005 at study site #3 and 
completed at both sites in March 2007 (Table 3-16). The total biomass of fish 
harvested for domestic market evaluation, including direct to retail customers, and 
food service sector wholesale and retail sales, was 2,854 kg worth AUD$39,736 
(average unit price $13.90/kg). The total biomass of fish harvested for export market 
evaluation, including food service sector wholesale and retail sales, was 1,259kg 
worth AUD$17,885 (average unit price $14.20/kg). The highest overall farm-gate 
unit value ($16.10/kg) for sales of harvested fish (195 kg) was achieved through 
export sales to the retail food services sector. The majority of harvested fish (2,770 
kg) were sold domestically to the wholesale food services sector for an average unit 
price of $13.90/kg. 
The overall rate of harvesting (422-566 kg/mth) and cumulative market value 
increased most rapidly during the period March 2006-August 2006, with harvest 
rates prior being 80kg/mth and harvest rates in the later stages between September 
2006-March 2007, with the exception of October-November 2006, ranging between 
112-183 kg/mth (Table 3-16 and Figure 3-15). The total period during which market 
evaluation was undertaken for commercial sized fish from cohort #1 harvested from 
both sites #1 and 3 combined was 22 months, with the majority of fish overall 
harvested from site #1 (Figure 3-15).  
In practice, all fish harvested for market evaluation were processed and sold as 
chilled, head-on/gilled and gutted (HOGG) product, compliant with requisite 
PrimeSafe (www.primesafe.vic.gov.au ) food safety standards. A representative 
sample (n=125) of whole Murray cod from study sites # 1 and #3 during the period 5 
January-14 March 2007, with mean whole weight 1.45kg ( range 0.8-2.08kg) had a 
corresponding mean HOGG weight of 1.24kg (range 0.68-1.74kg); a mean HOGG 
processed weight ‘recovery’ rate (from whole fish) of 85.6% (range 69.6-92.5%). 
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Whole fish weight and HOGG fish weight for this sub-sample are directly 
proportional (R2=0.96, P<0.0001)(Figure 3-16), but there is no such correlation 
between whole fish weight and HOGG recovery rate (R2=0.04, P=0.351), the latter 
of which consistently ranges between approximately 80-90% independent of whole 
fish weight. 
By comparison, subsamples of harvested fish from study site #3 in October 2006 
were processed to determine fillet weight yield (% of whole fish). For a total 
subsample weight of whole unprocessed fish of 18.81kg (individual whole fish 
weight average 1.18kg, range 1.0-1.39kg), 6.1kg of fillets were produced for a fillet 
yield of 32%. For a second subsample with total weight of whole unprocessed fish of 
39.03kg (individual whole fish weight average 1.12kg, range 0.88-1.4kg), 11.4kg of 
fillets were produced for a fillet yield of 29%. 
C h a p t e r  3  |  O p e n - W a t e r  P r o d u c t i o n  C a s e - S t u d y  |  87  
Table 3-16. Weight (kg) and value ($) of harvested and marketed Murray cod on a whole weight (point of harvest) basis, for selected domestic and export market 
categories (including free samples), combined for cohort #1 at study sites #1 (floating cages) and #3 (floating raceways), Red Cliffs, Victoria) for period June 2005-
March 2007; market categories: DIRECT – direct to retail customer; FSSW - Food Service Sector Wholesale; FSSR - Food Service Sector Retail.  
Market/harvest details Harvest date Total 
2005 2006 2007 
Jun. Jul. Aug. Sep. Oct. Nov. Dec. Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep/ Oct. Nov. Dec. Jan. Feb. Mar. 
Domestic DIRECT Weight (kg)    4 5 9  5 10 28  4 3 2       5  75 
 Value ($)    55 26 126  65 138 388  47 48 34       71  998 
FSSW Weight (kg)    4      2  3           9 
 Value ($)    49      31  49           129 
FSSR Weight (kg) 31 28 26 34 59 61 44 14  320 411 286 357 302 256 101 60  112 171 61 36 2,770 
 Value ($) 437 391 365 474 830 859 611 196  4,474 5,754 3,905 4,992 4,223 3,584 1,411 725  1,580 2,427 867 504 38,609 
Total harvest weight (kg biomass) 31 28 26 42 64 70 44 19 10 350 411 293 360 304 256 101 60  112 171 66 36 2,854 
Total harvest value ($) 437 391 365 578 856 985 611 261 138 4,893 5,754 4,001 5,040 4,257 3,584 1,411 725  1,580 2,427 938 504 39,736 
Export FSSW Weight (kg)          90 57 183 206 197 166 24     72 69 1,064 
 Value ($)          1,136 725 2,450 2,924 2,813 2,276 300     1,089 1,039 14,752 
FSSR Weight (kg)   10  12 10    7 41 19  12    6    78 195 
 Value ($)   144  175 142    95 1,113 285      81     1,098 3,133 
Total harvest weight (kg biomass)   10  12 10    97 98 202 206 209 166 24  6   72 147 1,259 
Total harvest value ($)   144  175 142    1,231 1,838 2,735 2,924 2,813 2,276 300  81    1,089 2,137 17,885 
Total overall weight (kg biomass) 31 28 36 42 76 80 44 19 10 447 509 495 566 513 422 125 60 6 112 171 138 183 4,113 
Total overall harvest value ($) 437 391 509 578 1,031 1,127 611 261 138 6,124 7,592 6,736 7,964 7,070 5,860 1,711 725 81  1,580 2,427 2,027 2,641 57,621 
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Figure 3-15. Cumulative biomass (kg) of Murray cod from cohort #1 harvested from study site # 1 (floating cages) and #3 (floating raceways) for market evaluation, 
and overall market value (AUD$), at Red Cliffs, Victoria during the period June “05-March “07. 
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Figure 3-16. Relationship between whole weight (kg) and HOGG weight (kg) (R2=0.9628; 
P<0.0001) for a sample (n=125) of processed Murray cod harvested from cohort #1 at study sites 
#1 & #3, Red Cliffs, Victoria, for the period 
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Biometric characteristics of harvested fish sub-sampled from study sites #1 and #3 
(n=10/site) for nutritional (proximate and fatty acid) analysis are summarised in 
Table 3-17. Proximate analysis results for these sub-sampled fish and for the pelleted 
diet fed to these fish are provided in Table 3-18 and total fatty acid analysis results 
are provided in Table 3-19 (as mg/g of total fatty acid) and Table 3-20 (as % of total 
fatty acid).  
The data indicate that the total energy of the pelleted diets is sourced from a 
combination of relatively high lipid and protein content.  Proximate composition of 
fish from study site # 1 and #3 is similar for lipid content, but that protein content of 
fish from study site #3 is higher than fish from site #1 (P< 0.05). A total of 37 fatty 
acids were detected in fish sampled from both study sites # 1 and #3 (Table 3-19 and 
Table 3-20), comprising of eight saturates (SFA), 11 mono-unsaturates (MUFA) and 
the rest being polyunsaturates (PUFA). The data also indicate that although there 
were some minor differences the fatty acid profile of fish from study site # 1 and #3, 
these differences were only significant (P<0.05) for 16:1n-7, 18:1n-7, 18:3n-6 and 
22:5n-3. In all instances for fish sampled from both sites in the present study, the 
fatty acids found in the highest quantity were the saturate 16:0 and the mono-saturate 
18:1n-9, and the amounts of saturates, MUFA, PUFA, n-3 and n-6 decreased in that 
order.  Predictably, for the most part the fatty acid profile of the sampled fish also 
reflected that of the pelleted diet on an approximate, proportional rather than absolute 
basis.  
The mean composition of total fatty acids as SFA, MUFA, PUFA and n-3 and n-6 
fatty acids for fish sampled from study sites #1 and #3, compared with other farmed 
Murray cod, Atlantic salmon and barramundi is provided in Table 3-21. 
.  
C h a p t e r  3  |  O p e n - W a t e r  P r o d u c t i o n  C a s e - S t u d y  |  91  
Table 3-17. Biometric characteristics of harvested Murray cod from Cohort #1 randomly sampled (n=10/site) from study site #1 (floating cages) and #3 (floating 
raceways), Red Cliffs, Victoria, and used for proximate and fatty acid analysis, 8 March “06 (source: G. Palmieri, Deakin University, unpublished data; see also 
Tables 15, 16, 17 & 18). 
Study Site #1 - Fish # 1 2 3 4 5 6 7 8 9 10 
Total weight (g) 616 697 731 698 770 776 831 612 724 776 
Total length (mm) 345 345 365 370 375 370 400 350 365 380 
Somatic weight (g) 524 612 654 630 668 684 770 551 665 699 
Liver weight (g) 10.7 8.7 10.6 8.7 16.7 10.6 11.5 6.7 9.0 5.8 
Fat weight (g) 54.5 54.6 44.8 39.4 54.5 62.9 16.1 37.0 29.2 50.5 
Fillet weight #1 (g) 116 134 147 140 161 154 181 139 142 159 
Fillet weight #2 (g) 114 116 139 122 136 156 145 131 136 144 
Condition (K)a 1.5 1.7 1.5 1.4 1.5 1.5 1.3 1.4 1.5 1.4 
HSIb (%) 1.7 1.2 1.4 1.2 2.2 1.4 1.4 1.1 1.2 0.7 
Fat indexc (%) 8.9 7.8 6.1 5.6 7.1 8.1 1.9 6.1 4.1 6.5 
Fillet recoveryd (%) 37.3 35.9 39.1 37.5 38.6 39.9 39.2 44.1 38.4 39.1 
Dress out indexe (%) 85.1 87.8 89.5 90.3 86.8 88.1 92.7 90.0 91.9 90.1 
Study Site #3 - Fish # 1 2 3 4 5 6 7 8 9 10 
Total weight (g) 653 676 716 707 796 716 620 626 777 704 
Total length (mm) 350 355 365 370 380 365 355 370 370 360 
Somatic weight (g) 597 613 656 651 740 653 557 569 708 640 
Liver weight (g) 9.0 9.6 10.0 8.9 5.6 10.3 9.2 7.6 10.0 11.9 
Fat weight (g) 27.1 37.0 32.2 33.9 34.9 37.6 40.5 34.8 40.9 34.9 
Fillet weight #1 (g) 134 149 143 154 170 147 134 134 163 152 
Fillet weight #2 (g) 130 135 139 137 149 141 124 128 145 141 
Condition (K)a 1.5 1.5 1.5 1.4 1.5 1.5 1.4 1.2 1.5 1.5 
HSIb (%) 1.4 1.4 1.4 1.3 0.7 1.4 1.5 1.2 1.3 1.7 
Fat indexc 4.2 5.5 4.5 4.8 4.4 5.3 6.5 5.6 5.3 5.0 
Fillet recoveryd (%) 40.4 42.1 39.4 41.2 40.1 40.2 41.6 41.9 39.6 41.6 
Dress out indexe (%) 91.4 90.7 91.6 92.1 93.0 91.2 89.8 90.9 91.1 90.9 
a) Condition Factor (K) = W/L3; b) Hepatosomatic Index (HSI) = liver wgt/somatic wgt; c) Fat Index = fat wgt/total wgt; d) Fillet Recovery Index = fillet wgt/total 
wgt e) Dress out Index = somatic wgt/total wgt 
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Table 3-18. Mean (±se) proximate composition (% w/w basis) and energy content (kJ/g-1) of Murray cod 
sampled (n=10/site) 8 March, “06, from Cohort #1 at Study Site #1 (floating cages) and #3 (floating 
raceways) and pelleted (Skretting Classic) diet (as analysed and as specified by manufacturer) fed to these 
fish (source: G. Palmieri, Deakin University, unpublished data; see also Tables 14, 16, 17 & 18; bold 
denotes significantly different, P<0.05). 
 (a) Sample size n = 10; Mean (±se) weight = 0.72 ±0.02 kg as analysed 
(b) Sample size n = 10; Mean (±se) weight = 0.70 ±0.02 kg as analysed 
(c) Calculated on the basis of 23.6, 39.5 and 17.2 kJ g-1 of protein, fat and carbohydrate, respectively 
Murray cod Diet (Skretting Classic) 
Study Site #1a #3b as analysed as specified 
Moisture (%) 75.81 ± 0.16 74.38 ± 0.28 8.67±0.27 9 
Lipid (%) 6.21 ± 0.25 6.14 ± 0.28 18.73±0.02 15 
Protein (%) 16.84 ± 0.11 18.47 ± 0.17 41.97±0.10 43
Ash (%) 0.92 ± 0.01 1.00 ± 0.01 7.67±0.27 8 
Energy ( kJ/g-1)c 6.37 6.82 20.52 20.4 
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Table 3-19. Mean (±se) fatty acid composition (mg/g total fatty acid) of Murray cod fillet (n=10/site) 
sampled 8 March, “06, from Cohort #1 at Study Site #1 (floating cages) and Study Site #3 (floating 
raceways), Red Cliffs, Victoria, and pelleted diet (Skretting Classic) fed to these fish (source: G. Palmieri, 
Deakin University, unpublished data; see also Tables 14, 15, 17 & 18; bold denotes significantly different, 
P<0.05).  
Fatty acid Study Site #1 Study Site #3 Pelleted Diet 
14:0 41.65±1.08 41.94±0.58 43.14±0.62 
14:1 1.66±0.25 1.21±0.37 0.81±0.58 
15:0 0.19±0.19 0.20±0.20 0.18±0.03 
15:1 2.68±0.27 2.34±0.13 0.29±0.01 
16:0 197.75±4.10 196.54±3.08 167.24±2.62 
16:1n-7 70.07±1.67 63.62±1.38 60.77±0.63 
16:2n-4 1.43±0.07 1.26±0.05 1.02±0.06 
17:0 0.00±0.00 0.00±0.00 0.00±0.00 
16:3n-4 6.32±0.32 6.61±0.10 8.68±0.01 
17:1 2.82±0.38 3.19±0.30 2.06±0.02 
18:0 45.69±0.49 44.52±0.86 40.06±0.22 
18:1n-9 237.62±5.48 218.87±5.16 173.10±2.20 
18:1n-7 36.74±0.13 32.24±1.08 25.55±0.02 
18:2n-6 77.08±1.58 76.79±1.91 77.06±0.60 
18:3n-6 2.98±0.08 2.43±0.07 1.69±0.05 
18:3n-4 2.59±0.32 2.39±0.18 1.48±0.09 
18:3n-3 10.47±0.20 10.32±0.10 9.34±0.03 
18:4n-3 12.45±0.36 12.05±0.62 13.84±0.01 
20:0 2.28±0.16 1.78±0.11 1.89±0.05 
20:1n-11 13.14±0.23 13.47±0.23 3.19±3.19 
20:1n-9 2.02±0.11 2.03±0.13 1.79±0.01 
20:2n-6 1.99±0.09 2.14±0.27 0.82±0.64 
20:3n-6 1.88±0.24 1.60±0.09 1.12±0.15 
21:0 0.00±0.00 0.53±0.27 0.40±0.01 
20:4n-6 9.21±0.26 9.25±0.15 6.27±0.00 
20:3n-3 5.10±0.33 4.97±0.39 1.34±0.01 
20:4n-3 6.39±0.42 6.61±0.20 3.33±0.06 
20:5n-3 52.56±1.53 55.41±0.49 84.20±0.46 
22:0 0.28±0.19 0.21±0.21 0.24±0.02 
22:1n-11 6.05±0.28 6.75±0.17 5.44±0.02 
22:1n-9 2.04±0.09 1.83±0.21 1.25±0.13 
22:2n-6 3.70±0.31 3.89±0.24 3.50±0.00 
22:4n-6 2.42±0.31 2.40±0.19 1.04±0.03 
22:5n-3 28.15±0.30 30.49±0.29 9.34±0.03 
24:0 0.70±0.30 0.44±0.28 0.16±0.03 
22:6n-3 83.11±1.25 85.06±1.02 55.13±0.25 
24:1n-9 1.16±0.20 1.09±0.29 0.68±0.13 
SFA 288.53±4.91 286.16±4.41 253.30±3.40 
MUFA 376.00±8.38 346.64±8.04 274.95±0.07 
PUFA 307.82±5.71 313.69±3.56 269.49±0.54 
n-3 198.22±3.67 204.91±1.48 176.52±0.83 
n-6 99.26±1.98 98.51±2.15 91.50±0.21 
n-3 Hufa 175.30±3.48 182.55±1.25 153.34±0.79 
n-6 Hufa 15.33±0.85 15.55±0.11 10.81±0.04 
n-3/n-6 2.00±0.01 2.08±0.03 1.93±0.01 
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Table 3-20. Mean (±se) fatty acid composition (% of total fatty acid) of Murray cod fillet (n=10) sampled 8 
March, “06, from Cohort #1 at Study Site #1 (floating cages) and Study Site #3 (floating raceways), Red 
Cliffs, Victoria, and pelleted diet (Skretting Classic) fed to these fish (source: G. Palmieri, Deakin 
University, unpublished data; see also Tables 14, 15, 16 and 18; bold denotes significantly different, 
P<0.05).  
Fatty acid Study Site #1 Study Site #3 Pelleted Diet 
14:0 4.28±0.07 4.43±0.05 5.34±0.05 
14:1 0.17±0.02 0.13±0.04 0.10±0.07 
15:0 0.02±0.02 0.02±0.02 0.02±0.00 
15:1 0.28±0.03 0.25±0.02 0.04±0.00 
16:0 20.34±0.09 20.77±0.09 20.71±0.23 
16:1n-7 7.21±0.05 6.72±0.04 7.53±0.04 
16:2n-4 0.15±0.01 0.13±0.00 0.13±0.01 
17:0 0.00±0.00 0.00±0.00 0.00±0.00 
16:3n-4 0.65±0.02 0.70±0.01 1.07±0.01 
17:1 0.29±0.03 0.34±0.03 0.26±0.00 
18:0 4.70±0.04 4.70±0.04 4.96±0.00 
18:1n-9 24.43±0.10 23.12±0.15 21.44±0.17 
18:1n-7 3.78±0.06 3.41±0.09 3.16±0.01 
18:2n-6 7.93±0.05 8.11±0.06 9.54±0.03 
18:3n-6 0.31±0.01 0.26±0.00 0.21±0.01 
18:3n-4 0.27±0.04 0.25±0.02 0.18±0.01 
18:3n-3 1.08±0.00 1.09±0.01 1.16±0.00 
18:4n-3 1.28±0.04 1.27±0.06 1.71±0.01 
20:0 0.23±0.02 0.19±0.01 0.23±0.01 
20:1n-11 1.35±0.01 1.42±0.01 0.40±0.40 
20:1n-9 0.21±0.01 0.21±0.01 0.22±0.00 
20:2n-6 0.21±0.01 0.23±0.03 0.10±0.08 
20:3n-6 0.19±0.02 0.17±0.01 0.14±0.02 
21:0 0.00±0.00 0.06±0.03 0.05±0.00 
20:4n-6 0.95±0.03 0.98±0.01 0.78±0.00 
20:3n-3 0.52±0.04 0.53±0.05 0.17±0.00 
20:4n-3 0.66±0.03 0.70±0.03 0.41±0.01 
20:5n-3 5.40±0.06 5.86±0.05 10.43±0.01 
22:0 0.03±0.02 0.02±0.02 0.03±0.00 
22:1n-11 0.62±0.02 0.71±0.01 0.67±0.01 
22:1n-9        0.21±0.01 0.19±0.02 0.16±0.02 
22:2n-6        0.38±0.03 0.41±0.02 0.43±0.00 
22:4n-6        0.25±0.03 0.25±0.02 0.13±0.00 
22:5n-3        2.90±0.03 3.22±0.05 1.16±0.00 
24:0         0.07±0.03 0.05±0.03 0.02±0.00 
22:6n-3        8.55±0.06 8.99±0.08 6.83±0.00 
24:1n-9        0.12±0.02 0.12±0.03 0.08±0.02 
SFA 29.68±0.08 30.24±0.10 31.37±0.27 
MUFA 38.67±0.11 36.62±0.24 34.05±0.17 
PUFA 31.66±0.06 33.15±0.18 33.38±0.09 
n-3 20.39±0.09 21.66±0.21 21.86±0.00 
n-6 10.21±0.01 10.41±0.05 11.33±0.08 
n-3 Hufa 18.03±0.12 19.29±0.23 18.99±0.01 
n-6 Hufa 1.58±0.08 1.64±0.02 1.34±0.00 
n-3/n-6 2.00±0.01 2.08±0.03 1.93±0.01 
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Table 3-21. Mean (±se) composition of total fatty acid (% ) of Murray cod fillets (n=10/site) sampled 8 
March, “06, from Cohort #1 at Study Site #1 (floating cages) and Study Site #3 (floating raceways), Red 
Cliffs, Victoria (source: G. Palmieri, Deakin University, unpublished data; see also Tables 14, 15, 16 & 
17), other farmed Murray cod (source: Palmeri et al. 2007, 2008, 2009; Turchini et al. 2009) and other 
Australian commercial fish species (source: Nichols et al. 2002).  
Composition
Of total 
fatty acid 
(%) 
Murray cod (fillet) Atlantic 
Salmon 
Barramundi 
Study Site #1 Study Site #3 Other studies 
SFA 29.68±0.08 30.24±0.10 27.6±0.29 - 31.4 28.0±0.1 31.1±0.4 
MUFA 38.67±0.11 36.62±0.24 33.3 - 42.5±1.73 28.7±0.2 37.0±0.4 
PUFA 31.66±0.06 33.15±0.18 27.3±2.13 - 36.7±2.08 43.3±0.3 30.3±0.1 
n-3 20.39±0.09 21.66±0.21 14.1±2.23 - 24.9 34.9±0.2 21.6±0.1 
n-6 10.21±0.01 10.41±0.05 8.4 – 12.7±0.17 4.1±0.1 7.2±0.1 
n-3/n-6 2.00±0.01 2.08±0.03 1.2 - 3.0 8.5 3.0 
Palmeri et al. (2007) - mean composition (%) for two size cohorts of sampled fish (n=6) with mean (±se) weight 
(g): 692.0±40.0 (‘medium’) and 1824±179 (‘large’) 
Palmeri et al. (2008) - mean composition (%) for three size cohorts of sampled fish (n=5) subject to different 
purging regimes, with mean (±se) weight (g): 746.3±27.0 (‘no purging’), 628.6±15.7 (‘2 weeks 
purging’) and 595.9±19.0 (‘4 weeks purging’) 
Palmeri et al. (2009) - mean composition (%) for seven size cohorts of sampled fish subject to different purging 
times, with mean (±se) weight (g): 639.9±75.0 (‘no purging’) 
Turchini et al. (2009) – mean composition (%) for one size cohort of sampled fish (n=3) from each of four farm 
locations, including sample from floating cage at study site #3 in present study, subject to purged in 
rearing unit for 48 hrs prior to harvest, with mean weight (g): approx. 750g Consumer analysis 
Harvesting of suitable sized (> 700g) fish for consumer analysis commenced at study site #1 
in June 2005 and at study site #3 in September 2005, with sales targeted at premium, ‘high-
end’ niche markets. Farm-gate prices (i.e. ‘before costs price to the farmer’) ranged between 
AUD$12-15 for domestic markets and $17-19 for export markets.  
An initial evaluation of the response to the product by local consumers in the Sunraysia 
region was undertaken via an open and qualitative interview process (i.e. based on 
unstructured, anecdotal feedback), including from selected chefs and seafood retailers. Survey 
data were collected during the period 5 August 2005-23 December 2006 by direct interview 
of consumers (n=17) on a range of traits to determine key criteria for market development and 
marketing. These criteria included aspects of fish quality (size, colour and appearance, flesh 
colour and appearance, freshness and flavour), processing requirements and price. Summary 
comments on the product from consumers included: 
• A delight to look at when fresh; 
• Very good natural colour; 
• Local and unique in flavour and quality; 
• A positive reception to the development of regional speciality dishes; 
• Moist and tasty flesh; 
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• Nice and fresh with a good flavour; 
• No muddy aftertaste; 
• Whole fish size between 700-1000g is ideal for me; 
• Availability and prompt delivery is a bonus; 
• Murray cod rates with Mangrove Jack and Red Emperor as great eating fish; 
• The expected fattiness was not noticed – pleasantly surprised; 
• Didn’t see it raw, but it looked and tasted superb when cooked. 
Positive feedback from domestic buyers and consumers led to trial export shipments and 
preliminary sales into selected Asian markets.  
In collaboration with DPI Agribusiness (Naturally Victorian Initiative Cool Chain Project), 
trial shipments of fish were sent to Kuala Lumpur, Malaysia and Singapore on 24 August 
2005. Subsequently, preliminary export sales to Singapore were commenced on 20 October 
2005, and trial shipments for market appraisal were also sent to Japan on 19 April 2006 and to 
Bangkok and Hong Kong on 15 May 2006.  
All export shipments were based on whole (bled only), fresh, chilled fish, packed in 10kg lots 
in polystyrene containers with Gel-Pak®. Shipments were road freighted to Melbourne from 
Red Cliffs where they were re-packaged and air-freighted to Asia.  
Evaluation was undertaken as part of various promotional functions, and included taste tests 
and interview-based surveys (as described previously). Further trial shipments were also sent 
to Hong Kong on 15 May 2006. Quantities sold (Table 3-16) included 490kg to Thailand 
(mean weight range 1.03-1.59kg), 457kg to Singapore (mean weight range 0.78-1.12kg) and 
88kg to Hong Kong (mean weight range 0.74-1.28kg), with a further 224 kg sent free of 
charge collectively to Malaysia, Japan, Indonesia, South Korea, Hong Kong and Thailand 
(mean weight range 0.781.22kg) for promotional purposes.  
For specific shipments to Singapore, Thailand and Indonesia, formal evaluation data were 
collected to determine key processing and physical (product) market attributes (Table 3-22). 
From all evaluation data, the key marketing criteria showed some variation between countries 
but all related to product type, quality, price and, to a lesser extent, reliability of supply and 
shelf-life. In summary, the key criteria include:  
• Firm flesh texture (after cooking) and white coloured flesh are highly regarded. Light 
skin colour and lack of damage or marks on the fish also appears to be favoured 
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• Preference was for whole, fresh, chilled fish and fillets. The preference of processing 
type is also influenced by fish size. The preferred size of fish includes larger 
individuals (>700g-1kg)  
• Must have minimum three day shelf-life on arrival at export destination  
• Export pricing from this study indicates between $12 -19/kg free on board (FOB) 
Melbourne airport (based on estimated industry margin for freight 
forwarding/consolidation and associated handling and packaging in Melbourne).  
Potential export demand for open-water farmed Murray cod, based on evaluation of export 
markets in the present study were estimated by DPI Agribusiness as being >3-5 tonnes/mth to 
Singapore and >3-5.5 tonnes/mth to Thailand, with smaller quantities to Hong Kong, 
Indonesia and Japan, subject to agreed product specification, pricing and quality control. 
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Table 3-22. Summary evaluation of key physical and processing market attributes (in order of 
importance) relevant to open-water Murray cod from cohort #1, study sites #1 and #3, for 
buyers/consumers in selected south-east Asian market locations.
Location Singapore  Thailand  Indonesia  
Processing Whole fresh chilled fish 
(cleaned, gilled and gutted) 
are preferred over fillets or 
frozen product 
Whole fresh chilled fish 
(cleaned, gilled and gutted), 
fillets and live fish 
Whole fresh chilled fish and 
fillets 
Physical attributes - 
most important 
  
1. Flesh texture 
(firm/doesn’t fall apart when 
cooked) 
1. Flesh texture 
(firm/doesn’t fall apart when 
cooked) 
1. Flesh texture 
(firm/doesn’t fall apart when 
cooked) 
2. Flesh colour (white) 2. Flesh colour (white) 2. Flesh colour (white) 
3. Skin colour (light) 3. Damage/marks 3. Skin colour (light) 
4. Damage/marks     
Physical attributes - 
least important 
  
Fat content and sliminess Skin colour, fat content and 
sliminess 
Fat content and sliminess 
(less important) 
    Damage/marks (least 
importance) 
Fish size    
<400g Fillets Live  Fillets, Frozen fillets 
400g-600g Whole Live, Whole, Fillets Fillets 
600g-800g Whole, Fillets Live, Whole, Fillets Whole, Fillets 
800g-1.0kg Whole Whole, Live, Fillets  
1.0-2.0kg Whole, Fillets Whole, Fillets Whole 
>2.0kg   Whole, Cutlets 

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Growth and productivity data from this study suggest that open-water production of Murray 
cod has the potential to perform at a commercially relevant scale and standard. Floating cage 
and raceway systems were able to produce market-sized fish >600g in size in <12 mths from 
advanced stocker size (>50-100g) under semi-intensive conditions at stocking densities >10-
20kg/m3, and subject to a combination of ambient environmental and controlled irrigation 
(water exchange) conditions.  
Commercial scale production of Murray cod under intensive and semi-intensive recirculating 
aquaculture systems (RAS) conditions in Australia has been reported by Ingram and De Silva 
(2004), Ingram et al. (2005a) and De Ionno et al. (2006). As part of a bio-economic analysis 
of RAS, De Ionno et al. (2006) monitored commercial RAS production of Murray cod over a 
two year period in which average fish weight reached 950g after the first year and 590g after 
the second year; the latter smaller size apparently due to selective harvesting of larger (up 
to1100g unit weight) market sized fish for sale during the two year study period.  
In the present study, maximum SGRs exceeded those reported for experimental, open-water 
cage culture trials over a 300 day period of Murray cod (0.26-0.83%/day) at similar stocking 
densities (5.5-43kg m-3), were similar to those reported for intensively reared Murray cod 
(0.73-0.95) stocked at an initial size range of 50-500g (final weight approximately 200-600g) 
at much higher stocking densities (up to 70-182kg m-3) under experimental-scale controlled 
environment conditions in RAS, and were mostly lower than for intensively-reared Murray 
cod (0.5-1.75%/day) at a size range of approximately 50-750g produced at higher stocking 
densities (72-182kg m-3) under commercial-scale RAS conditions (Ingram, 2004). De Silva et 
al. (2004b) estimated similar SGRs ranging between 0.89-1.24%/day for intensively reared, 
smaller Murray cod with initial size ranging between 80-83.5g (and final size ranging 
between 178.7-264.0g) at higher initial stocking densities ranging between 72-109 kg m-3
under commercial, controlled environment RAS conditions.  
The relatively high variability and the lack of obvious overall trends in FCRs and SGRs 
between sites, seasons and size classes in the present study highlight the many confounding 
effects of differing production system design and operation, stocking densities, feeding 
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regimes, day-to-day stock management and husbandry, water quality and irrigation flows (and 
associated water exchange rates and depth). Discrepancies in numbers of fish in the cages due 
to cannibalism, after accounting for known mortalities and harvesting, could only be 
estimated following periodic enumeration of all fish. Accordingly, adjustment of feeding 
rations to compensate for mortalities from cannibalism was infrequent, meaning that 
overfeeding was a chronic problem in all cohorts and systems at various times throughout the 
study period.  
More specifically, higher FCRs and lower SGRs were often associated with periods when fish 
were being disturbed for various reasons (e.g. size grading, production system malfunction 
and/or maintenance, disease treatments, acclimation following stocking/re-location etc), 
independent of season (and ambient water temperatures), water quality (and irrigation 
pumping events), size grade or system design. Conversely, higher SGRs and lower FCRs 
were often associated with conditions in which fish were well acclimated, in good health and 
not otherwise affected by system malfunction or maintenance, independent of season, water 
quality, size grade or system design. Having said that, results suggest that in practice, optimal 
FCRs and SGRs are most likely to be achieved for reliable open-water production systems of 
Murray cod under warmer ambient temperatures (i.e. spring-summer-autumn), higher overall 
water exchange (i.e. during peak irrigation demand) and with larger (>500g) more robust fish.  
Other Australian native warmwater finfish species which are commercially produced under 
semi-intensive conditions include silver perch, Bidyanus bidyanus, and barramundi, Lates 
calcarifer. Rowland et al. (2006) reported growth of cage cultured silver perch with initial 
weight of approximately 110-115g and final weight of approximately 450-470g over 210 
days, with SGRs ranging between 0.65-0.7 % day-1 (at stocking densities up to 88.5 kg m-3). 
Partridge et al. (2006) reported barramundi cultured in floating tanks in saline groundwater 
grew from 40 to 435g over 138 days, an SGR of 1.73 % day-1, with an average final stocking 
density at harvest of approximately 54 kg m-3.  
A closely related percichthyid, Siniperca chuatsi, commonly referred to as Chinese perch or 
Mandarin fish, is widely produced in China as a premium, high value table fish for domestic 
and export consumption. Under commercial, semi-intensive cage culture conditions, mandarin 
fish are reported to grow at similar rates to open-water cultured Murray cod, reaching 
approximately 650-750g from an initial weight of about 50g in 240 days, at stocking densities 
ranging between 13-75 kg m-3 and with SGRs ranging between 1.05-1.11 % day-1 (Liang, 
2001).  
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Production systems 
Due to the lack of replication for each site and system, the limitations of spatial and temporal 
variability between sites in relation to the different age and size cohorts of fish utilised, and 
the differing physico-chemical, irrigation and associated water quality characteristics, it was 
not possible to undertake any quantitative comparison of growth and production of Murray 
cod between the three sites or systems. Nonetheless, it was evident that performance of 
respective production systems was variable over time, with some broad trends apparent. 
Overall, the floating cage system at study site #1 proved to be the most reliable in terms of 
operational integrity, and required the least amount of maintenance. Fish were readily 
accessible for viewing and/or handling by hauling and bunching up the net bags from the 
floatation collars. Biofouling of the net bags was mostly limited to the water surface only, 
primarily due to the relatively high turbidity of the water at this study site. Escapement of fish 
through breaches in the net bags was limited, but the loss of unknown numbers of fish due to 
theft was suspected on several occasions at all sites over the two year term of the study.  
SGRs and FCRs and overall production of Murray cod were similar between study site #1 
using cage culture and study site #3 using floating tanks. Harvesting of market-sized fish 
commenced approximately three months earlier from study site #1, but ultimately overall 
biomass yield (ratio of total biomass at end of trial to stocked biomass at start) was slightly 
higher in the latter (6.3 c.f. 4.6) and mean (unit) weight of harvested fish was about 1.2kg for 
both sites/systems (Table 3-3). Due to a combination of technical problems causing repeated 
system failures and fish health problems from periodic disease outbreaks, insufficient growth 
and production data were available from study site #2, fitted with floating tanks, to make any 
meaningful performance comparison with other sites/systems. Fish health and associated 
survival rates were also impacted at study site #1 and #3 by periodic disease outbreaks, but 
the operational integrity of the respective production systems was not compromised by 
technical problems to the same extent as occurred at study site #2.  
The main technical problems with the floating tank production system at study site #2 related 
to a combination of periodic loss of mains power and periodic mechanical failure of the air-
lift pumps and reticulation system, both of which caused disruption to exchange of fresh 
water, accumulation of organic waste and ultimately maintenance of adequate DO levels in 
the fish production units. Most major mortality events at this study site resulted from a 
reduction of DO to below critical levels for extended periods before problems could be 
rectified. A remote monitoring and alarm system was fitted to detect loss of mains power 
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and/or pressure drop in the reticulated air delivery manifold, however it proved to be reliable 
in only some circumstances. Ultimately, the fish production system at study site #2 was de-
commissioned in December 2005 after several months, following several large mortality 
events. 
Semi-intensive cage culture of finfish is well established globally in both fresh and marine 
waters (e.g. see Liao and Lin (2000)). Cage culture of finfish in Australia has been described 
for several freshwater species, including Murray cod, silver perch, barramundi and rainbow 
trout, both as stand-alone systems and as part of IAAS (Gooley et al., 2000; Ingram et al., 
2000; Gooley et al., 2001a; Gooley et al., 2001b; Gooley and Gavine, 2003a; Ingram, 2004; 
Rowland et al., 2006; Rowland, 2009). The use of floating raceways and floating tanks for 
culture of finfish is a new and emerging technology being developed mostly on an 
experimental scale. Rowland (2009) describes research into the use of in-ground concrete 
raceways and floating plastic raceways for intensive production of silver perch, but no 
performance data are available. Brown et al. (2011) provides performance data for trials of a 
commercial-scale, in-pond raceway system for culturing Ictalurid catfish in the USA, in 
which fish were stocked at initial weight ranging between 59-418g, and harvested at weights 
ranging between 277-768g, with survival ranging between 66-98%. Partridge et al. (2006) 
describes the production of various finfish species in a static, inland saline water body using a 
SIFTS, including rainbow trout, Oncorhynchus mykiss, grown from 83 to 697g over 111 days 
with an SGR of 1.91 % day-1, mulloway, Argyrosomus japonicus, grown from 100g to 384g 
over 174 days with an SGR of 0.68 % day-1, and barramundi, L. calcarifer, grown from 40g to 
435g in 138 days with an SGR of 1.73 % day-1.  
	
Overall, the majority of fish losses in production systems at study sites # 1 and #3 resulted 
from disease outbreaks, which occurred most frequently and severely in smaller fish <500g in 
weight, typically immediately following handling (e.g. after initial stocking and/or size 
grading) and mostly during colder months of the year between May and September. Diseases 
at all sites mostly consisted of cosmopolitan ectoparasitic protozoa outbreaks (e.g. 
Ichthyobodo spp and Chilodonella spp.) and/or fungal infestation by Saprolegnia spp. 
(Ingram et al., 2005b).  
Disease treatments consisted of a combination of regular prophylactic and therapeutic bathing 
in salt and/or hydrogen peroxide solutions. Treatments were only partially effective at 
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preventing mortalities, as underlying stress due to often combined effects of handling, and 
temperature and water quality fluctuations, was thought to compromise the immune response 
of fish on a regular basis. Fish health management was most effective when low-dose 
prophylactic treatment were applied on a routine basis (e.g. every 2-4 weeks), with additional 
higher-dose therapeutic treatments provided when disease outbreaks were evident.  
Disease treatments were problematic at study site #1 as it was necessary to bunch fish within 
the net bag into a concentrated, estimated volume of water contained within a poly-tarp liner 
and provided with supplementary aeration. Treatments were removed via dilution through the 
net bags by removing the poly-tarp liners. Disease treatments at study site #2 and #3 were 
provided directly into the floating tanks and raceways (of known volume) once the air-lift 
pumps were turned off and supplementary aeration provided. Treatments were simply flushed 
from the production units by turning the air-lift pumps back on.  
Apart from system failure, poor water quality and disease, fish survival was also thought to be 
most affected by cannibalism, despite periodic size grading to moderate such effects. Periodic 
grading facilitated more consistent and optimal size grading, and therefore FCRs, SGRs and 
overall fish survival, as well being a useful adjunct to harvesting of market-sized fish. Results 
from the present study for cohort 31 at study site #1, which was the least disturbed and most 
productive over the longest period, indicate that periodic grading to separate out ‘bigs’ from 
‘smalls’ facilitates consistently faster growth rates in the larger fish which can then be 
targeted for early harvest. This enables the smaller fish growing at a slower rate to be 
managed separately to reduce cannibalism from larger fish, enhance FCRs through reduced 
competition from larger and more aggressive feeding fish. In turn, this has the effect to 
optimise general fish health, husbandry and subsequent harvesting strategies and to enhance 
overall productivity of the system over time. The advantages of grading to optimise growth 
rates of larger graded size cohorts was less apparent in Cohort #1 at study sites #2 and #3 
largely due to the confounding effects of periodic system failure, disease outbreaks and 
associated mortalities. 
The use of grading to mitigate the effects of size variability on rates of cannibalism in 
intensively reared Murray cod juveniles has been previously reported by Ingram (2004) and 
Ingram and Lawson (2004), and in other Australian finfish aquaculture, including Australian 
freshwater eels (Anguilla australis and A. reinhardtii) by Gooley et al. (1999) and Gooley and 
Ingram (2002). In the present study, the extra handling during grading also had a detrimental 
short-term effect on feeding activity and fish health due to the additional stress imposed on 
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the fish. Such a problem has also been more widely reported in other aquaculture sectors, such 
as salmonids (Purser and Forteath, 2012).  
͵ǤͶǤʹ 
Water quality within the storage reservoirs at all three study sites was most readily influenced 
jointly by seasonality, and associated ambient air temperatures, irrigation demand, and 
associated water depth and exchange rates, and to a lesser extent design and construction of 
the reservoirs themselves.  
Ambient water temperature proved adequate for year-round production of Murray cod. 
Highest FCRs and SGRs were recorded in all seasons except winter, typically at temperatures 
>25 ºC. Larger fish (typically > 1-1.5kg) were observed to be feeding actively and growing on 
a year-round basis, including at water temperatures <15 ºC in winter months, albeit on a 
reduced basis compared with other seasons. Feed rates were highest at temperatures >25 ºC 
during spring, summer and autumn, and during the corresponding peak irrigation season, to 
optimise FCRs and SGRs. Conversely, feed rates were reduced in winter, during non-
irrigation periods, to avoid over-feeding and inefficient FCRs. However fish maintained 
condition suitable for harvesting and commercial sale throughout all seasons. 
Warmer maximum water temperatures were recorded at study sites #2 and #3 compared to 
study site #1, as the latter was moderated by the relatively high turbidity throughout the year. 
In the Red Cliffs area, storage reservoirs that are not treated and lined with bentonite during 
construction typically become muddy due to the increased suspension of colloidal clay 
particles in the water column. Apart from size and temperature dependent stress mortalities in 
smaller size fish <500g, particularly at the onset of cooler weather in about May of each year, 
water temperature appeared to have little impact on survival of larger fish > 500g at any time 
of the year. determined that Murray cod tank-reared intensively at 25 ºC grew faster than at 
20-22.5 ºC, and with higher survival than at 20 ºC, but that FCRs were not significantly 
different between temperatures. In contrast to results from the present study, Ingram (2004) 
also concluded that growth was negligible at temperatures <16 ºC.  
In general, optimal water quality conditions for fish production at study sites #1 and #3 were 
experienced during periods of peak irrigation demand, typically during the period from 
September/October to April/May, depending on prevailing weather conditions and specific 
cropping requirements.  
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Nutrient levels (N and P) and overall alkalinity at all three study sites were indicative of 
background water quality from the nearby Murray River source, and there was no obvious 
‘signal’ of elevated nutrients (including critical unionised ammonia levels) or alkalinity from 
fish production within the storage reservoirs themselves. Background water quality, in terms 
of nutrients and alkalinity, was considered almost oligotrophic and, therefore only moderately 
naturally productive according to ANZECC guidelines for freshwaters ((ANZECC, 2000)) 
and (Boyd, 1979, 1990; Boyd, 2012)). At expanded, more intensive, commercial scales of 
IAAS fish production within optimal carrying capacities, it is likely that nutrient-rich 
wastewater would provide measurable offsets to existing fertigation systems (Gooley et al., 
2001b; Gooley and Gavine, 2003a). Fish production at levels beyond optimal carrying 
capacity would increase the risk of eutrophication of the storage reservoirs as a whole, 
possibly resulting in exceedence of critical water quality parameters for fish survival, and also 
possibly compromising irrigation pumps, filters and reticulation systems due to excessive 
plankton blooms.  
At a smaller spatial scale, within and immediately adjacent to fish production systems, water 
quality was also influenced by system design and performance, with critical (but unrecorded) 
DO, pH and TAN levels likely to have been experienced by fish immediately prior to major 
disease outbreaks and other mortality events. Partridge et al. (2006) reported the opposite 
effect for trials using floating tanks to culture various finfish species in ponded brackish 
groundwater, in which DO concentrations were maintained between 4.9-7.0 mg L-1 within 
tanks despite pond concentrations dropping to < 2 mg L-1 for several hours on a diurnal basis. 
Boreham et al. (2004) describes baseline information on water quality conditions suitable for 
intensive (RAS) production of Murray cod, including a summary of suitable concentrations 
for ‘continuous exposure of aquatic animals’. ANZECC (2000) provides water quality 
guidelines which can be used ‘with reasonable confidence’ to assess water quality for 
aquaculture uses. In most cases, measured water quality parameters in the present study fell 
within the range, and therefore below critical levels (ANZECC, 2000; Boreham et al., 2004), 
with the exception of maximum nitrite levels at all three study sites. Such peaks were 
infrequent and short-term, and unlikely to impact growth and survival of the fish.  
In general, all measured ions were relatively similar to each other and low in concentration for 
all three study sites, indicative of fresh, relatively low alkalinity (‘soft’) water, with low 
background levels of nutrients indicative of relatively low natural productivity and limited pH 
buffering capacity (Boyd, 1979, 1990; Boyd, 2012)). Aluminium ions (ANZECC, 2000) 
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exceeded guidelines at study site #1 in November 2006, but this is likely to have been a one-
off anomalous measurement. Concentrations of iron (ANZECC, 2000) marginally exceeded 
guidelines, but fell within the range specified by Boreham et al. (2004).  
Overall, the ionic composition of the water was deemed to be consistent with that prescribed 
for ‘fresh water’ production by ANZECC (2000) and therefore entirely suitable for semi-
intensive, open-water production of Murray cod. All measured organic compounds, and 
associated agricide residues, were below detectable limits and in most cases below maximum 
limits prescribed by ANZECC (2000), and therefore poses no apparent risk to Murray cod 
health under open-water production conditions, or to the food safety of processed fish 
harvested from production systems located within all study sites.  
͵ǤͶǤ͵ 
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A total of >4.1 tonnes of market-sized fish, worth >$57,000 was harvested and sold 
collectively from both study site #1 and #3 during the present study. These fish were sold in 
both domestic (>2.8 tonnes worth >$39,000) and export (>1.2 tonnes at >$17,000) markets. 
These were entirely new markets developed in the present study on the basis of producing and 
selling ‘open-water farmed Murray cod exclusively from the Sunraysia Irrigation Region’. 
Actual sales were consistent across both markets over a consecutive 22 month period between 
May 2005 and March 2007. Output from this study represents approximately 7.5% of the total 
tonnage and 6.1% of the total value for all farmed Murray cod produced in Victoria in 2007-
08 (Econsearch, 2011). Wholesale (farm-gate) prices ranged between $12-15/kg for domestic 
markets and $15-17/kg for export markets, which compares with an average farm-gate unit 
price of $16.95 in domestic Australian markets for Victorian production in 2007-08 
(Econsearch, 2011).  
Most sales were for chilled, ‘head-on, gilled and gutted’ (HOGG) fish, but some fillets were 
also sold. HOGG meat recovery (dress-out) rate was typically >85-90% and fillet yield was 
typically >35-40% in most market-sized fish >500-600g total weight. These meat recovery 
rates are similar to those reported for intensively reared Murray cod by (Larkin et al., 2004), 
in which dressed weight (HOGG) and fillet weight are about 80-85% and 40% respectively of 
whole weight, but lower than reported by Turchini et al. (2009), in which dress-out rates 
ranged between about 88-96% and fillet yields ranged between about 48-52%.  
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For other commercially farmed species, Glencross et al. (2008) reported similar HOGG yields 
for intensively reared barramundi (>2.0 kg whole weight) ranging between about 85-89%, and 
Bugeon et al. (2010) reported similar HOGG yields for intensively farmed rainbow trout 
(>3.5 kg whole weight) ranging between 75-85%, but higher fillet yields ranging between 
about 56-65%.  

The proximate composition of Murray cod sampled from study sites #1 and #3 conformed 
very closely to those previously reported for this species (De Silva et al., 2004b; Palmeri et 
al., 2007; Palmeri et al., 2008a; Palmeri et al., 2008b; Palmeri et al., 2009; Turchini et al., 
2009), and reflected that which is typical of most cultured freshwater fish, with a protein 
content in the range of 64-70% on a dry weight basis. The data also confirm that the lipid 
content of cultured Murray cod (this study and others) is relatively high, and falls within the 
range of those generally referred to as ‘fatty fish’ (Love, 1970).  
In view of the relatively recent realisations of the benefits of PUFA in human health (Stansby, 
1990; Nettleton, 1995; de Deckere et al., 1998; Moffat, 2009; Rice, 2009), and indeed on the 
evolution of the human brain (Broadhurst et al., 1998; Crawford et al., 1999) and foetal 
development which in all probability has resulted in an increased fish consumption in the 
developing world, including Australia (FAO, 2011), it was considered appropriate to compare 
the fatty acid profile of farmed Murray cod with two other commonly farmed species in 
Australia. (Table 21). The apparent link between the fatty acid profile of the sampled Murray 
cod and dietary lipid source from the present study has been reported previously for cultured 
Murray cod by Turchini (2009; 2011). However, Turchini (2011) noted that fatty acid 
composition of fish fillets was not a simple reflection of the diet and provided evidence of in 
vivo fatty acid metabolism. 
It is also evident that the n-3/n-6 ratio of Murray cod from this and other studies varies little, 
and is mostly close to 2.0; slightly less than for barramundi and much less than for Atlantic 
salmon (Nichols et al., 2002), but otherwise typical of freshwater fish in general (Henderson 
and Tocher, 1989). According to (Wijendran and Hayes 2004), the absolute mass of essential 
fatty acids consumed, rather than their n-6/n-3 ratio, should be the first consideration when 
contemplating lifelong dietary habits affecting cardiovascular benefit from their intake. 
Freshwater fish, including Murray cod presumably, have some capacity to elongate and 
desaturate the base n-3 and n-6 fatty acids into the highly unsaturated forms, whereas marine 
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and estuarine fish have to be provided the latter, and therefore tend to conserve these in the 
body (De Silva and Anderson, 1995). The relatively high absolute mass off essential n-3 and 
n-6 fatty acids in the Murray cod analysed in the present study, is comparable for the most 
part with commercially available farmed barramundi and Atlantic salmon and is consistent 
with the relatively high energy content of the pelleted diet.  It also suggests that the overall 
nutritional value of this species under such culture conditions is suitable for human nutrition 
and general well-being, and is a desirable trait for consumer acceptance and marketing 
purposes. 
In summary, the broad nutritional composition and associated fatty acid profile of farmed 
Murray cod generally conforms to that of most freshwater fish, albeit with a higher overall 
accumulation of lipid. Including the higher overall lipid content, nutritional differences which 
distinguish open-water farmed Murray cod in the present study from other cultured freshwater 
species (e.g. barramundi, silver perch, Atlantic salmon and rainbow trout), which may be 
potential market competitors, are relatively minor and do not appear to have any impact on 
consumer acceptance of the finished product. Indeed, the fatty acid component of the overall 
nutritional profile may well enhance preferred market traits (n.b. see following organoleptic 
sensory attributes). 

Murray cod from study sites #1 and #3 were provided to several organised industry and media 
events in and around Mildura in north-western Victoria, and food industry exhibitions and 
taste panel events at international destinations in south-eastern and northern Asia. Reports and 
evaluation of these events provided direction for future market development and also for 
establishing initial domestic and export buyers of Murray cod from this study. The product 
was marketed as uniquely Australian, ‘farm-fresh’ and environmentally sustainable, 
nutritionally balanced, with flesh being tender, delicately flavoured and pearly-white in 
appearance once cooked, and suitable for steaming, baking or frying according to various 
ethnic culinary styles. The general response from consumers was that the product was of a 
premium quality suitable for the high-end food services and retail sectors in both Australia 
and Asian export markets. Competitive products were deemed to be equally high-value wild 
caught species such as marine groupers, and farmed species such as barramundi and salmon. 
According to (Econsearch, 2011) demand-side factors currently influencing the economic 
viability of the Murray cod aquaculture sector also include limited supply, perceived health 
benefits, the absence of a commercial wild-catch fishery and the growing reputation and 
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recognition of the quality of the farmed product. Favourable export market traits, most of 
which are also identified in the present study, include favourable size, taste, texture, 
appearance and fat content, year-round availability and versatility in preparation (Econsearch, 
2011). As part of preliminary appraisal for Asian markets, formal taste-testing of intensively 
(RAS) farmed Murray cod undertaken in Japan, Taiwan and Hong Kong indicated that 
Murray cod has a “delicate, sweet flavour, ……an appropriate level of fat,……texture and 
colour were good,…skin sheen regarded as a very positive attribute,…..and the fish suited a 
variety of preparations (NRE, 2001). 
Murray cod produced intensively in tank-based RAS have been routinely marketed as table 
fish (0.6-2.0 kg in weight) over the last decade, but almost exclusively for domestic markets 
only (Larkin et al., 2004). Over the same period, the quantity of open-water farmed product 
sold into both domestic and export markets has been negligible. Market acceptance of RAS 
produced fish has been affected on some occasions by their darker appearance compared with 
wild caught and open-water produced fish. Also, occasional off-flavour and excessive visceral 
fat in RAS produced fish have caused market resistance and/or lower prices (Larkin et al., 
2004). Product differentiation in the market place as a result of the effects of different Murray 
cod farming methods has been described by (Turchini et al., 2009). Having said that, 
(Turchini et al., 2009) also concluded that stable isotope tissue analysis was the only reliable 
method of discriminating open-water farmed fish from tank-based RAS produced fish, in 
comparison with other less sophisticated methods such as morphological appearance, tissue 
proximate analysis and fatty acid profile. Off-flavour in RAS produced Murray cod, as 
measured by biometric and volatile compounds, has been shown to be greatly affected by 
‘purging’ (holding of fish in clean water and without feeding, to purge the gut for varying 
periods of time prior to harvest and processing) for at least 12 days (Palmeri et al., 2009).  
 In the present study, fish were purged in-situ within the production system, but without food 
for periods between 24-48 hours, with no reports of off-flavour from the consumer surveys 
undertaken subsequently. Larkin et al. (2004) suggests that the ‘finishing off’ of RAS 
produced fish under open-water cage or pond culture conditions may facilitate purging as well 
as enhance the colour and appearance of the fish, ultimately also enhancing overall 
marketability and price of the finished product. 

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This is the first independently validated trial and comprehensive multi-disciplinary analysis of 
commercial-scale IAAS-based open-water production of Murray cod.  It can be concluded 
from this case study that such production of Murray cod is technically feasible in the SIR of 
north-western Victoria. Growth, survival and overall production rates under ambient climatic 
and background water quality conditions are at least consistent with industry standards, 
although seasonality, seedstock quality, in situ water quality, system design and attendant 
husbandry practices have a major influence on overall performance.   
The nutritional characteristics of the finished product were deemed to be consistent with 
industry standards, particularly in relation to fatty acid profile.  The product was successfully 
marketed at commercial scale, both domestically and for export purposes, with consumer 
feedback extremely favourable. 
Production, market and water quality data collated during this case study are considered 
operationally relevant for purposes of informing nutrient-mass balance modelling and 
associated estimation of carrying capacity and fertiliser offsets investigated in Chapter 4, and 
commercial-scale cost-benefit analysis of a virtual ‘floating cage’ production system 
investigated in Chapter 5.  
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As described in Chapter 3, under commercial, open-water IAAS farming conditions, 
fish may be held in cages at semi-intensive stocking densities and fed artificially on 
extruded, high energy pellets for several months, and up to approximately two years . 
Under these conditions, feed conversion rates (FCRs) of < 1.5:1 (dry weight of food 
fed: wet weight of fish harvested) are expected. Not all of the feed is assimilated by 
the fish, with waste feed mostly sinking to the substrate, along with solid fish waste 
(faecal matter). Soluble and particulate nutrient-rich waste is also excreted to the 
environment directly by fish.  
The fate of nutrient-rich (nitrogen, N, and phosphorus, P) aquaculture waste in open-
water farming systems, including impacts on quality of both stored and reticulated 
irrigation water, is primarily dependent on the nutrient loadings from fish and fish 
feeds, ambient nutrient levels of influent water, residency of water and irrigation 
flows (and associated flushing effect), and the natural assimilative capacity of the 
storage dams in both the water column and substrate. Other relevant factors include 
ambient climatic conditions, design and dimensions of the storage dams and design 
and dimensions of the fish cages.  
Elevated N and P levels (from open-water fish production) in stored and reticulated 
irrigation water are potentially useful, because they could substitute for nutrients that 
would otherwise be used as part of conventional crop fertilisation regimes. Benefits 
could be in the form of fertiliser cost-savings and/or enhanced crop productivity 
through greater plant uptake of soluble nutrient compounds. Excessive N and P levels, 
in stored water may lead to undesirable impacts, including algal blooms, reduction in 
dissolved oxygen concentration, and build-up of toxic compounds, including 
ammonia and sulphide, to the extent that the growth and survival of the fish, and 
overall productivity of the system, are deleteriously affected. Reticulated water 
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quality may also be affected leading to problems with soil condition, crop 
growth/productivity and the blockage of drip irrigation reticulation systems.  
Optimal N and P levels to maintain suitable water quality for fish and to provide 
fertiliser offsets for irrigation are not known. Murray cod are known to be relatively 
tolerant of elevated nutrients under intensive culture conditions (Boreham et al., 2004; 
Gooley et al., 2007), but impacts under semi-intensive and eutrophic water conditions 
are not known. Similarly, critical nutrient levels beyond which eutrophication occurs 
in irrigation storages in north-western Victoria are not known. For viticulture, it is 
known that the approximate quantities of macronutrients removed from grapes each 
year (and therefore needed to be replaced to maintain soil fertility) typically ranges 
between 17-74 kg N/ha and 2-10 kg P/ha (Treeby et al., 2004a). 
For the purposes of the present study, ‘carrying capacity’ may be defined as the 
maximum number of fish that can be grown in a storage dam without undesirable 
effects (for both aquaculture and horticulture) on either stored or reticulated water. 
For effective and efficient IAAS-based open-water farming systems, an understanding 
is needed of the factors governing the carrying capacity of the dams, along with an 
estimate of carrying capacity itself.  
The overall aim of the present study is to characterise water quality dynamics in 
selected storage dams under operational irrigation conditions, including concurrent 
pilot-scale and virtual commercial-scale fish production scenarios. From these data it 
was intended to estimate nutrient (nitrogen (N) and phosphorus (P)) and associated 
cost offsets against otherwise standard irrigated crop fertilisation application regimes. 
It was also intended to estimate indicative limits of cultured fish carrying capacity and 
associated nutrient loadings while maintaining water quality integrity suitable for 
irrigation. The specific objectives of the present study therefore are to: 
1. Characterise water quality and associated nutrient dynamics of selected 
irrigation water storages in the SIR under operational irrigation conditions  
2. Develop a conceptual nutrient mass balance model for future commercial 
developments to estimate on-farm fertiliser off-sets for business planning and 
irrigation/nutrient management purposes, and  
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3. estimate carrying capacity of storages for open-water cage culture of Murray 
cod under virtual, commercial-scale production scenarios to enhance 
productivity and environmental sustainability 
ͶǤʹ 
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Two dams, already established for pilot-scale IAAS demonstration and evaluation 
trials (Gooley et al., 2007), were selected for this study: Site #1 - Thurla Farms P/L 
and Site #2 - Taylor & Sons P/L, both located near Red Cliffs in the Sunraysia 
Irrigation Region of north-western Victoria. A description of the relevant case study 
sites and associated IAAS-based, open-water Murray cod production system details is 
provided in Chapter 1 (Section 1.3.2 Materials and Methods). 
Both dams were of earthen construction, clay lined, and with a bank batter of 4:1 
(width:height) partly formed by excavation into the ground level substrate, and partly 
by levee banks above ground level formed from the excavated soil. Site # 2 was also 
originally lined with gypsum to enhance water clarity, but site #1 was not similarly 
treated. The dam at site #1 had an approximate maximum operational depth of 7.9 m, 
surface area of 19,500 m2 and capacity of 130 ML. The dam at site #2 had an 
approximate maximum operational depth of 6.5 m, surface area of 23,000 m2 and 
capacity of 95 ML.  
Fish production systems and associated walkways in the dams provided a platform for 
most water quality measurements and water, sediment and plankton samples. Other 
sampling locations remote from the walkways were accessed via boat. Fish 
production systems included: 
• Site #1: four floating cages (20 m long x 2 m wide x 2 m deep) located 
approximately 40 m from the bank and serviced by floating walkways 
• Site #2: three floating tanks (2 x 10 m3 + 1 x 5 m3 capacity) located 
approximately 20 m from the bank. 
The dams were supplied with raw water via pumped pipeline from the Murray River, 
for irrigation of established (wine) grape vines. Farms typically have an entitlement to 
a specific volume of water over the irrigation season, subject to seasonal allocation 
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from water authorities. Irrigation is typically applied to vineyards between September 
and May, and peaks in January-February. Fertilizer may be added to the irrigation 
water in soluble form by direct fertigation method via sub-surface drippers, or may be 
applied as dry fertilizer via mechanised broadcast methods.  
ͶǤʹǤʹ 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The total amount of water pumped into the dam and removed from the dam was 
measured on a weekly basis, as well as the mean, minimum and maximum water 
depth in each dam (at location of the fish production system).  
Depth of substrate was determined bimonthly by graduated depth rope in the 
immediate vicinity of the fish cages. A summary of mean depth and estimated 
operational capacity for each site during the present study is provided in Table 4-1. 
Table 4-1. Summary of mean depth and range of depths (m), and estimated operational capacity 
(ML) for each study site during the present study (2007-08 irrigation season). 
Study Site Depth (m) Volume (ML) 
Site #1 Mean 5.7 88.7 
Min. 5.0 76.5 
Max. 7.5 122.1 
Site #2 Mean 3.5 38.3 
Min. 3.0 30.2 
Max. 5.0 63.3 
Actual depth on any given day varied with pumping regimes and associated irrigation 
demand, but a minimum depth under the cages of approximately 2.0 m was 
maintained throughout the study period. The total area irrigated, type of crop and 
fertiliser rate (type and amount (kg)/ha) was recorded on a weekly basis for each 
dam/site.  
A summary of irrigation flows, irrigated cropping area and associated fertiliser rates at 
the two study sites during the peak irrigation season (typically Sept./Oct.-April/May 
inc.) for the period 2004-05 to 2007-08 is provided in Table 4-2 and Figure 4-1.  
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Table 4-2. Summary of irrigation flows, irrigated cropping area and associated fertiliser rates 
during the peak irrigation season (typically Sept./Oct.-April/May inc.) at two study sites in the 
Sunraysia Irrigation Region, near Red Cliffs, north-western Victoria for the period 2004-05 to 
2007-08. 
Year Study 
site 
Water usage 
(ML) 
Vineyard area 
(ha) 
Fertiliser (kg/ha) 
Total Vineyard 
2004-05 Site #1 1540 811 117.4 146.3 MAPa
Site #2 NA 1309 189.5 250 SSc + 20-65 Nd
     
2005-06 Site #1 1211 840 117.4 148.8 MAP 
Site #2 NA 1416 189.5 250 SSc + 20-65 Nd
     
2006-07 Site #1 794 712 117.4 92.7 MAP 
Site #2 NA 1381 189.5 250 SSc + 20-65 Nd
     
2007-08 Site #1 NA 350 133 80 HCb  
Site #2 NA 1312 189.5 250 SSc + 20-65 Nd
     
a monammonium phosphate (N: 10.0% P: 21.9% S: 1.5%)
b Hydro Complex (N: 12.0% P: 4.8% K: 15.0% S: 8.0% Ca: 2.5% Mg: 1.6%) 
c single superphosphate (P: 8.8 S: 11.0% Ca: 9.0%) 
d nitrogen (N) as Easy N (N: 42.5%) and Urea (N: 46.0%) 
Figure 4-1. Irrigation demand measured as total irrigation water pumped in/out of on-farm 
storage reservoirs (ML/month) at Site #1 and #2, and total number of pumping days per month 
for Site #2 (no comparable data available for Site #1) during the 2007-08 irrigation season. 
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Whereas both study sites contained established IAAS infrastructure, and continuous 
pilot-scale aquaculture production trials were undertaken at both sites for 
demonstration and evaluation purposes during the period 2004-05 to 2006-07 (Gooley 
et al., 2007), only Site #1 was used for pilot-scale commercial fish production during 
the 2007-08 irrigation season. Total biomass of cultured fish (Murray cod) standing 
crop at Site #1 during the 2007-08 irrigation season, together with allocated daily feed 
rations are summarised in Table 4-3. 
At the start of the experimental period (September 2007), Site #1 was stocked with 
1567 fish, with a total wet weight of 584 kg (Table 4-3). Over the period September 
2007 to May 2008, fish were removed (either by harvest or mortality) on five 
occasions, and extra stock was added twice. Total stock harvested was 783 kg, and 
3280 kg remained in the dam at the end of the experiment. Fish food (Skretting 
classic, 43% protein and 1.1% P) was added at a rate between 0.4 and 1.6 % per day, 
with 3503 kg added to the dam over the study period.  
For the purposes of the present study, it was assumed that nutrient input to both sites 
from residual fish production waste originally deposited during the period 2004-05 to 
2006-07, was negligible due to the relatively low standing crop of fish and associated 
feed loading, and the cumulative effects of regular irrigation flushing and extensive 
‘fallowing’ of dams following completion of previous trials. In the present study, 
sediment and water quality sampling along a transect starting immediately adjacent to 
the fish production systems in the dams was designed to validate this assumption.  
Supplementary aeration systems were available at both sites (via mains powered 
paddlewheel at Site #1 and high volume low pressure blower/air-lift diffuser at Site 
#2), but in practice were only operated at Site #1 during the study period (Sep. 07-
May 08). The supplementary aeration system at Site #1 consisted of a 6.6kw single 
phase blower operating air-lift diffusers located under the cages at a depth of 2m. The 
blower was controlled by electronic timer, and operated on a daily basis from 
midnight to 6am.  
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Table 4-3. Site #1 2007-08 fish standing crop biomass (kg, as estimate of monthly maxima) and 
associated feed rates (% body weight (BW)/day) and total feed (kg) 
Date Fish biomass Feed rate 
N Mean wgt 
(kg) 
Total wgt 
(kg) 
% BW/day Total amount 
(kg) 
Sept.-Dec. 07 1490-1567 0.373 556-584 0.90-1.60 151-270 
Jan. 08 9478 0.284 2692 0.80 650 
Feb. 08 7135 0.307 2190 0.79 516 
Mar. 08 6885 0.332 2286 0.88 604 
Apr. 08 6274 0.324 2033 0.78 478 
May 08 8586 0.382 3280 0.40 392 
ͶǤʹǤͶ 
Water quality sampling and measurements were undertaken on a weekly basis 
between 0800-0900hrs (and independent of direct supplementary aeration effects) at 
multiple sampling sites within both study sites (#1 and # 2; Table 4-1) throughout the 
2007-08 irrigation season study period, from late October 2007 through to early May 
2008. Measured parameters included: 
• Physico-chemical parameters: Dissolved oxygen, conductivity, pH, water 
temperature and Secchi depth (Figure 4-2. ; sample site #5) 
• Inorganic nutrients: Ammonium, oxidised N (nitrite plus nitrate) and 
phosphate to determine bio-available nitrogen and phosphorus levels in 
solution in the dam (Figure 4-2. , sample site #1).  
• Other parameters: Chlorophyll a, alkalinity, total suspended solids (TSS) 
(Figure 4-2. , sample site #1) and plankton diversity and abundance (Figure 
4-2.  sample site #4). 
Relevant physico-chemical parameters were measured by CTD meter at 1.5 m depth. 
Inorganic nutrients were measured from water samples in the lab using standard 
(Hach) colorimetric methods. Chlorophyll a was measured at the NATA certified labs 
at DPI Queenscliff, in duplicate on 90% acetone extracts, based on the method of 
(Strickland and Parsons, 1972) and the spectrophotometric equations of (Jeffrey and 
Humphrey, 1975). Alkalinity was measured in triplicate by dilute sulphuric acid 
titration of 100 mL samples, based on APHA method 2320-A, 2005. TSS was 
measured gravimetrically in triplicate on glass fibre filters, based on APHA method 
2540-D, 2005. Plankton samples were collected using a standard plankton tow along a 
designated sub-surface transect commencing approximately 10 m from the fish 
production facilities (water quality sampling site location # 4, Figure 4-2. ), according 
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to standard operating procedure. Plankton samples were preserved with Lugol’s 
solution, and counted by the Australian Water Quality Centre, SA Water. 
The difference in measured water quality parameters between study sites was 
analysed using a series of restricted maximum likelihood (REML) mixed model 
analyses that examined fixed effects combinations after accounting for random 
effects. In all REML analyses, the study site was fitted as a fixed effect, and site.date
was fitted as a random effect. Since much of the data for most of the key water quality 
parameters measured at each study site were auto correlated to varying degrees to 
each other, with the exception of pH and suspended solids, correlated error structure 
was fitted for random term site.date, with site having the identity model and date
having the autoregressive order 1 (AR 1) model applied. 
Carbon, nitrogen and phosphorus (CNP) content of the substrate was determined from 
sediment samples collected by Ekman dredge on a bi-monthly basis throughout the 
study period (late Oct.”07, early Jan. “08, early March “08 and early May “08) at the 
start (October 2007), mid-way (Jan 2008) and end (May 2008) for each dam at three 
sampling sites (Figure 4-2. ): #1 (adjacent to fish production units), # 2 (5m from fish 
production units towards the centre of the reservoir) and #3 (25m from fish production 
units towards the centre of the reservoir). Organic carbon content was determined 
gravimetrically by loss on ignition, and assuming C accounts for 40% of the organic 
substrate (Blume et al., 1990). Total N and total P content were determined by 
colorimetric analysis of H2SO4/H2O2 digested samples, based on (Nicholls, 1975). 
Particle size was also determined on the sediment samples collected above, using a set 
of nested sieves covering the range 2 mm to < 63 μm. All sediment samples were 
stored frozen and analysed in a NATA certified laboratory at DPI Queenscliff. 
Measurements of sedimentary organic carbon, nitrogen and phosphorus at varying 
distance from the fish production facilities were analysed using General Analysis of 
Variance, with site + transect distance +site.transect being the treatment structure 
and site.date being the blocking structure. Measurement at each transect distance was 
an experimental unit in all of the analyses. For each of the analyses, plot of residuals 
versus fitted values was examined to determine any extreme outliers and necessity for 
data transformation. 
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Figure 4-2. Location of water quality, benthic and plankton sampling sites and physico-chemical 
(CTD) monitoring site for on-farm storage reservoirs (Top: Study Site #1 - Thurla Farms P/L; 
Bottom: Study Site #2 - Taylor & Sons P/L) located at Red Cliffs, NW Victoria during the 
present study (relative dimensions approximate only - not to scale). 

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A simplified conceptual nutrient mass balance model was developed in MS Excel 
format using a series of interactive spreadsheets and associated computations to 
estimate an indicative budget for N and P for each study site. The model is modified 
from the design of (Ingram, 1999; Gooley et al., 2001a; Gooley et al., 2001b) and 
(Boreham et al., 2004), and incorporates a series of assumptions and additional 
features relevant to the present study, specifically relating to: 
• bio-energetics of the proposed IAAS fish production system, incorporating 
open-water cage culture of Murray cod,  
• nutrient dynamics of the on-farm storage reservoirs utilised as part of the 
open-water cage culture IAAS, and 
• irrigated horticulture practice in north-western Victoria relating specifically to 
irrigation demand and inorganic fertiliser application. 
The assumptions draw on data collected during the study period for the 2007-08 
irrigation season, supplemented with data from the literature and/or validated industry 
data, where actual data from the present study are not otherwise available. The model 
was then utilised to analyse a series of hypothetical IAAS production scenarios in 
order to determine the fate of key N and P nutrients, as well as to estimate: 
• the indicative carrying capacity of IAAS cultured fish standing stock, and 
• the potential IAAS offsets to traditional horticulture fertiliser regimes. 

A series of ‘virtual’ scenarios were run through the conceptual mass balance model 
relating projected annual fish production scenarios, incorporating varying hypothetical 
combinations of food (to fish) conversion ratios (FCR) and annual yield of fish 
biomass, to actual annual (October-April incl.) irrigation demand (measured as total 
annual throughput of water pumped in and out) for the two study sites maintained at 
max. operational capacity. The fish production parameters for both sites include all 
combinations of the following hypothetical values: 
• Annual fish biomass yield (max. fish biomass standing crop) per site: 25, 50, 
100, 200 tonnes 
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• FCR (gross weight of food added: gross weight of harvested fish yield): 3:1, 
2.5:1, 2.0:1, 1.5:1 and 1.0:1 
Hypothetical fish production scenarios are based on actual fish growth rates achieved 
under optimal open-water IAAS cage culture conditions for Murray cod, in which 
market sized fish at 1.0 kg whole, wet harvest weight are able to be produced from 
advanced stockers within one complete irrigation season (minimum seven months) 
(present study, Gooley et al. (2007)). The model does not however allow for 
limitations on projected fish production estimates and associated error in estimating 
nutrient outputs from typically variable fish growth rates (i.e. in practice, all fish do 
not grow at the same rate). 
The irrigation demand and fertiliser regimes are based on modal values estimated 
from actual values for the two study sites during the period 2004-05 to 2007-08 
(Table 4-2): 
• Site #1 (max. operational capacity 130 ML): 800 ML irrigation demand 
(input) to 117.4 ha, and fertilised at a rate of (two alternative regimes): 
o Monammonium phosphate (MAP) 140 kg/ha (N 10%, P 21.9 %), or 
o Hydro-Complex (HC) 80 kg/ha (N 12%, P 4.8%) 
• Site #2 (max. operational capacity 95 ML): 1350 ML irrigation demand 
(input) to 189.5 ha and fertilised at a rate of (single regime only): 
o Easy N 40 kg/ha (N 43%) + Single superphosphate (SS) 250 kg/ha (P 
8.8%) 

Under these scenarios, key model parameters that were simulated, together with 
associated assumptions and limitations (i.e. where in fact simulated parameters are 
designed to facilitate model outputs and are not necessarily indicative of actual 
industry practice), include: 
Fish production, FCRs and food wastage 
• Fixed growth rates for standard 100 g fish stocked at the start of the irrigation 
season and harvested at the end of the season (over approximately seven 
months) as 1.0 kg fish 
• Annual fish biomass yield is the maximum amount of fish biomass standing 
stock held in the system at the end of the season and immediately prior to 
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harvest, on the assumption that all the fish grow at the same rate and are 
harvested on a single occasion at the same time 
• Food Conversion Ratios (FCRs) ranging from optimal/best case scenario 
(FCR 1.0:1) to sub-optimal and worst case scenario (FCR 3.0:1) 
• Survival rate of fish over the specified production (irrigation) season ranging 
from optimal/best case scenario (100% at FCR of 1:1) to worst case scenario 
(80% at FCR 3:1), on assumption that lower FCRs are indicative of some 
combination of sub-optimal husbandry, system design, nutritional/health 
management and water quality, all of which pre-dispose fish to increased 
mortality rates 
• Total wastage of food (extruded pellets) provided to fish (i.e. food not ingested 
by fish and settling on substrate) over the specified production (irrigation) 
season ranging from optimal/best case scenario (100% of food ingested/0% 
wastage at FCR 1:1) to worst case scenario (60% of food ingested/40% 
wastage at FCR 3:1), on assumption that lower FCRs are indicative of some 
combination of sub-optimal husbandry and feed management resulting on 
increased food wastage 
Nutrient cycling and assimilation 
• N and P fractions of waste feeds settling on the substrate are either assimilated 
into the sediment or re-mineralised as soluble forms in the water column in 
varying proportions ranging from optimal/best case scenario (zero food 
wastage and 100% assimilation of N and P into sediment = background levels 
of N and P only) to worst case scenario (40% food wastage and only 60% N 
and 92% of P assimilated into the sediment, with balance re-mineralised in the 
water column); assumes that increasing deposition of waste food results in 
increased anoxia at substrate, reduced oxic reduction and assimilation of N 
and P in the sediment, and increased re-mineralisation of N and P into the 
water column; assumes that re-mineralised N more likely to be released in 
soluble compound form than P which is more likely to bind to suspended 
solids such as clay particles in the water column (Sly, 1989); assumes some 
level of thermal stratification in study sites below which incidence of anoxia is 
likely to be increased, particularly at the sediment-water interface, and above 
which oxic conditions are maintained (and therefore not limiting to either fish 
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production or nutrient cycling) by mixing and aeration of water by natural 
and/or supplementary mechanical means (e.g. air blowers, paddlewheels etc). 
• Total irrigation flows for the specified irrigation season are delivered on a 
regular and consistent basis, averaged weekly throughout the season, thereby 
providing a constant rate of flushing of the study sites and associated dilution 
of dissolved N and P concentrations accumulating in the water column. 
• Background concentrations of Total N and P at Site # 1 and #2 (i.e. with no 
additional nutrient loading or stress from fish production) consistent with 
measured concentrations observed in the present study for the 2007-08 
irrigation season, with Total N estimated as DIN fraction only, and Total P 
estimated as orthophosphate fraction only. 
• Net soluble nutrients as N and P in the water column from fish production 
estimated as the difference between estimates of N and P inputs from stocked 
fish plus added food, and N and P outputs from sedimentary assimilation and 
remineralisation of waste feed and fish excretia (soluble and particulate forms) 
plus assimilation in biomass of harvested fish; assumes that other nutrient flux 
in the system is negligible, including fixation of N and atmospheric deposition 
of N and P, or neutral/in balance, including plankton succession in the water 
column and deposition of biomass on the substrate. 
N and P concentrations and fertiliser offsets 
• Net soluble N and P in the water column from fish production assumed to be 
available (directly proportional) as N and P offsets for farm fertilisation 
regimes designed without fish production; assumes that such N and P in total 
is available on demand according to requisite fertilisation needs throughout the 
irrigation season 
• Maximum cumulative concentration of soluble N and P forms in the water 
column at study sites estimated from maximum estimated soluble N and P 
from final (seasonal) fish production immediately prior to harvest, adjusted for 
dilution by irrigation on the basis of regular flushing from fresh irrigation 
water pumped through study sites onto adjacent crops; flushing rate based on 
ratio of total irrigation flow to maximum operational capacity of study sites, 
averaged out on weekly basis over entire irrigation season for each site. 
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A summary of values, rationale and data sources for key model parameters, 
assumptions and simulations for the present study, is provided in Table 4-4. A 
summary schematic flow chart depicting conceptual nutrient mass balance and key 
bio-energetic inputs and outputs, including irrigation water, fish and fish food, is 
provided in Figure 4-3 for a virtual open-water cage culture IAAS for production of 
Murray cod in private irrigation storages located in the Sunraysia Irrigation Region of 
north-western Victoria. 
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Table 4-4. Summary of values, rationale and data source for key nutrient mass balance model parameters, 
assumptions and simulations for the present study. 
Model parameter Assumed value Source/comments 
Fish 
in Stocker size 0.1 kg;  Nominal estimate for annual (irrigation season) production cycle 
(present study; (Gooley et al., 2007)) out Harvest size 1.0 kg 
FCR/Survival rate 1.0:1/100%  Ditto; (Ingram, 2004); (Boreham et al., 2004; De Silva et al., 2004b); 
(De Ionno et al., 2006); assumes nominal increase in fish survival rate 
proportional to increase in FCR efficiency 
 1.5:1/95% 
 2.0:1/90% 
 2.5:1/85% 
 3.0:1/80% 
Food 
Nutrient content N – 6.7%; P – 1.3% Estimated from present study, Skretting, pers. comm.(2011) and 
(Boreham et al., 2004) 
FCR/ingested 1.0:1/100% Nominal estimate over 12 months; present study; (Boreham et al., 
2004); (Gooley et al., 2001b); (Cho et al., 1991); (Ingram, 1999); 
assumes nominal decrease in food wastage (non-ingested feed) with 
increasing FCR efficiency 
 1.5:1/90% 
 2.0:1/80% 
 2.5:1/70% 
 3.0:1/60% 
Water 
output 90% of total irrigation 
input 
Based on nominal estimate for total evaporation loss of 10% over 
irrigation season (industry source)  
Nutrients 
Fish in/out N – 2.7%; P – 0.45% Estimated (whole body wet weight content) from present study and 
(Boreham et al., 2004) 
Waste 
feed/sedimentary N 
& P 
0%/N 100%; P 100% Nominal estimate over 12 months; assumes nominal reduction in 
sedimentary assimilation of N and P with increasing deposition of waste 
feed (and anoxia) on substrate (Sly, 1989; Cook et al., 2010); assumes 
remaining N & P from waste feed increasingly re-mineralised as soluble 
N & P forms in water column with increasing sedimentary anoxia n.b. P 
typically binds more readily than N to suspended solids (Sly, 1989). 
10%/N 90%; P 98% 
20%/N 80%; P 96% 
30%/N 70%; P 94% 
40%/N 60%; P 92% 
Water out - 
background  
Site #1 
N (DIN) – 1.88 mg L-1 
P (PO4) – 0.13 mg L-1  
Mean values for Site # 1 and #2 for 2007-08 irrigation season from 
present study; N measured as Dissolved Inorganic Nitrogen (DIN); P 
measured as Orthophosphate (PO4) 
Site #2 
N (DIN) – 1.10 mg L-1 
P (PO4) – 0.02 mg L-1
Water out -  
feed source 
Net soluble nutrients as Total N & P in water column as measure of difference between N & P inputs 
from fish stockers + fish food and N & P outputs from sedimentary assimilation and remineralisation 
of waste feed and fish excreta (soluble and particulate) + assimilation in biomass of harvested fish  
Fertiliser offset Ratio of Total N & P from fish production (feed source) in water out to N & P from existing farm 
fertiliser regimes 
Max. concentration N 
& P in water column 
Estimated as cumulative max. Total N & P (kg) in water column from fish production (feed source) 
over full irrigation season as a ratio of max. operational capacity of study site (ML) in units of mg L-1; 
adjusted for dilution by irrigation watering on basis of nominal 20.3% and 47.2% ‘flushing’ rate per 
week (based on ratio of total irrigation flow to max. operational capacity of study site averaged out on 
weekly basis over entire irrigation season) for Site # 1 and Site # 2 respectively. 
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Figure 4-3. Conceptual nutrient mass balance model for virtual open-water cage culture IAAS for production of Murray cod in private irrigation storages located 
in the Sunraysia Irrigation Region of north-western Victoria. 
Sedimentary accumulation & reduction
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Water quality and associated physico-chemical data from sampling undertaken during the present 
study are summarised below. For some parameters, anomalous values resulting from technical error 
have been deleted from the analysis as part of routine data quality control procedure. 

Temperature followed a typical seasonal pattern (Figure 4-4). Between November 2007 and May 
2008, temperature varied from about 16 to 29 ºC, with peak temperature in January. Temperature 
was similar in both dams (within 1-2 ºC) except in November-December, when Site #2 was up to 7 
ºC warmer than Site#1, which suggests some level of thermal stratification of surface waters (before 
combined mixing effects of wind and regular irrigation pumping resulted in more even warming of 
surface waters).  

Conductivity in both dams varied between 100-300 μs cm-1 (with a single high value of 550 μs cm-1
at Site #1 probably erroneous), with no strong seasonal pattern (Figure 4-5). Site #1 water was 
usually slightly more saline than Site #2, but with both dams remaining effectively freshwater 
throughout the study period. 

Dissolved oxygen (DO) concentration varied between 4-10 mg L-1, with a minimum in summer 
(Figure 4-6). DO saturation varies with temperature and salinity (Boyd 1979; 1990), and the 
concentration is also affected by biological activity (respiration and photosynthesis). There was no 
strong difference in DO between dams. The summer increase in ambient temperature alone would 
have been sufficient to drop DO concentration at 100% saturation from 10 to 7.7 mg L-1. The 
summer fall in DO in both dams exceeded that due to the change in temperature alone, and indicates 
biological consumption of oxygen.  

The pH range for both dams was about 6.5-8.5 (Figure 4-7). Apart from a slightly lower pH at Site 
#1 in October and November, and again briefly in January and February, there were similar values 
in the range of 7.0-8.0 at both sites throughout the study period, with no strong seasonal pattern. 
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The water at Site #2 was much clearer (higher Secchi disc depth) than Site #1 throughout the study 
period (Figure 4-8), which partly explains the incidence of thermal stratification (with warmer 
surface waters) at Site #2 in early summer. There was some evidence of improving clarity at Site #1 
through January-April (probably correlated directly to irrigation pumping activity, with increased 
throughput in the dam of less turbid river water), with a subsequent decline thereafter. Although 
both dams have a clay-lined substrate, it is noted that the substrate at Site #2 was also lined with 
bentonite as a sealant during construction. This would have the additional effect of increasing water 
clarity through increased flocculation of suspended clay particles within the dam. 

Ammonium concentrations were generally higher at Site #1 throughout the study period. 
Concentrations at Site #1 fell from a peak (>0.6 mg L-1) in November to <0.2 mg L-1 in January and 
for the rest of the study period (Figure 4-9), but with considerable short-term variability, probably 
associated with irrigation pumping events. Concentrations at Site #2 were <0.2 mg L-1, and with 
limited short-term variability, for the entire period. Based on concurrent pH and temperature (in 
January), up to 7.5% of total ammonia (as estimated by ammonium concentration) is in the un-
ionised form of ammonia (NH3), which represents a maximum concentration of < 0.003 mg L-1. 

Concentrations at Site #1 peaked at 3.3 mg L-1 in December, then fell to <2 mg L-1 for most of the 
remaining study period (Figure 4-10). Concentrations at Site #2 were about 1-1.5 mg L-1 from 
November to February, then fell to <1 mg L-1 for most of the remaining study period. Oxidised N 
(nitrite plus nitrate) concentrations were thus higher than ammonium concentrations at both farms 
and, together with the overall reduction in oxidised N concentration from December onwards in Site 
#1, this may indicate the dominant influence on nitrogen concentrations in the dams of the riverine 
source of fresh irrigation water; as compared to nitrogen sourced from fish excretion and internal 
nitrogen recycling (which should favour ammonium production).  

Concentrations at Site #1 declined from ~ 0.3 mg L-1 in November, to < 0.1 mg L-1 in January-
February, followed by a rapid increase to > 0.5 mg L-1 in May (Figure 4-11); again perhaps 
reflecting peak irrigation flows though the dam during summer and autumn months. Concentrations 
at Site #2 were < 0.1 mg L-1 for the entire study period, except for one point in February. There was 
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no seasonal pattern in phosphate concentration at either site, other than perhaps indirectly associated 
with seasonal irrigation demand. 

Alkalinity (titre) was measured at three locations in each dam (0, 5 and 25 m from the fish 
production facilities toward the dam centre), and varied over the range 0.2-0.6 mL throughout the 
study period at both sites (Figure 4-12). There was no persistent difference in alkalinity between the 
three Site #1 sampling locations, and no seasonal pattern or other marked change over time. 
Likewise, all three Site#2 sampling locations were similar, with changes over time greater than 
differences between sites.  

Suspended solids concentration at Site #1 (Figure 4-13) were similar at all three sampling locations 
within the dam, and varied between 10-100 mg L-1 (n.b. zero values at all locations probably 
erroneous readings), with most readings varying between 20-50 mg L-1. There was no systematic 
change over time, but peaks occurred at all three locations in the dam on January 3rd and May 6th, 
perhaps suggesting influence from irrigation pumping events and/or localised run-off from rainfall 
events. Concentrations at Site #2 were also similar at all three sampling locations within the dam, 
and varied between 10-80 mg L-1 (n.b single peak of 120 mg L-1 at one sampling location in late 
October, and zero values at all locations probably erroneous readings), with most concentrations 
varying between 10-40 mg L-1. There was no strong spatial or seasonal pattern in concentrations at 
either site, but these data support the Secchi disc depth data (Fig. A5) by indicating generally 
clearer water at Site #2.  
Chlorophyll a
Chlorophyll a concentrations were mostly similar between the three sampling locations within the 
dams at each site, and varied more over time for each site than between sites at any one time. For 
both sites, concentrations increased from mostly < 5 μg L-1 in November and December, to mostly 
between 5-35 μg L-1 in January-February 2008 and 5-15 μg L-1 in March through to May (Figure 
4-14). Concentrations were mostly higher at Site #2 than at Site #1, but the four highest 
concentrations over the study period occurred as isolated peaks at Site #1.  
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Figure 4-4.  Water temperature (deg. C) at both sites (1.5 m depth) during the 2007-08 irrigation season. 
Figure 4-5.  Conductivity (μS/cm) at both sites (1.5 m depth) during the 2007-08 irrigation season; missing data 
points due to technical/operator error resulting in anomalous or missing values. 
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Figure 4-6. Dissolved oxygen (DO) concentration (ppm) at both sites (1.5 m depth) during the 2007-08 irrigation 
season.
Figure 4-7.  pH at both sites (1.5 m depth) during the 2007-08 irrigation season. 
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Figure 4-8.  Secchi disc depth (cm) at both sites during the 2007-08 irrigation season; missing data points due to 
technical/operator error resulting in anomalous or missing values. 
Figure 4-9.  Ammonium (N) concentration (ppm) at both sites during the 2007-08 irrigation season. 
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Figure 4-10.  Oxidised N (nitrite plus nitrate) concentration (ppm) at both sites during the 2007-08 irrigation 
season. 
Figure 4-11. Phosphate (P) concentration (ppm) at both sites during the 2007-08 irrigation season; missing data 
points due to technical/operator error resulting in anomalous or missing values. 
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Figure 4-12.  Titration alkalinity (mean ±se) concentration (ppm) at both sites during the 2007-08 irrigation 
season. 
Figure 4-13. Suspended solids (mean ±se) concentration (ppm) at both sites during the 2007-08 irrigation season. 
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Figure 4-14.  Chlorophyll a (mean ±se) concentration (μg L-1) at both sites during the 2007-08 irrigation season; 
missing data points due to technical/operator error resulting in anomalous or missing values; missing error bars 
due to values for non-replicated samples.  
Phytoplankton 
Plankton were sampled 25 times at each site between November 2007 and May 2008. Plankton 
were mostly identified to at least the family level, and to genus and species level where possible. 
Plankton were identified within ten discrete taxonomic groupings: arthropods, rotifers, ciliates, 
cyanobacteria, diatoms, cryptophytes, chlorophytes, euglenophytes, desmids and green algae. 
Within these groupings, 53 individual taxa were identified to the level of genus or species. One 
ciliate, one cyanobacteria, and three green algal species were found only at Site #1, and one 
chrysophyte species, one cryptophyte species, six species of cyanobacteria, three diatom species 
and three green algal species were found only at Site #2. The other 34 taxa were found at both sites 
(Table 4-5). Plankton relative abundance was classified to three levels: ‘Not Detected or 
Occasional’, with cell counts of 0-1,000 cells mL-1, ‘Common’, with counts of >1,000-10,000 cells 
mL-1, and ‘Prevalent’, with counts of >10,000-100,000 cells mL-1 (Table 4-6). Relative abundance 
of Site #1 taxa was mostly ‘occasional’, rarely ‘common’ and never ‘prevalent’. In contrast, 
diatoms were ‘common’ or ‘prevalent’ at Site #2 for the entire period, while cyanobacteria and 
green algae taxa were ‘common’ to ‘prevalent’ in December-February.  
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Table 4-5. Summary of plankton taxa according to taxonomic groupings collected weekly from both sites during 
the study period (Oct. 2007-May 2008); Ȝ found only at Site #1; * found only at Site #2. 
Taxonomic grouping Taxa (order/genus/species) 
Arthropods Copepoda 
Chrysophytes Dinobryon* 
Ciliophora CiliateaȜ
Cryptophytes Cryptomonas* 
Cyanobacteria Anabaena (coiled)_spp 
Anabaena (straight)_spp  
Anabaena circinalis 
Anabaena crassa*  
Anabaena planktonica 
Aphanizomenon 
Aphanocapsa* 
Coelosphaerium 
Cylindrospermopsis raciborskii* 
Geitlerinema 
Lyngbya  
Microcystis aeruginosa  
Microcystis flos-aquae* 
 Nostocaceae 
 OscillatoriaceaeȜ
Phormidium 
Planktolyngbya 
Planktolyngbya subtilis 
Planktothrix 
Pseudanabaena 
Spirulina* 
Desmidiaceae  Desmidiaceae  
Diatoms Acanthoceras_(=Attheya) 
Asterionella 
Aulacoseira 
Cyclotella* 
Melosira 
Navicula* 
Nitzschia 
Synedra* 
Euglenophytes Euglena 
Green algae Ankistrodesmus* 
 ChlamydomonadaceaeȜ
 ChlorocococcaceaeȜ
Closterium 
 Desmidiaceae  
Dictyosphaerium 
Eudorina 
 Hydrodictyaceae 
Mougeotia  
Oedogonium 
Pediastrum 
Planctonema 
Scenedesmus* 
SpirogyraȜ
Staurastrum 
Zygnema 
Rotifera Brachionidae 
 Rotifera 
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Table 4-6 Relative abundance of phytoplankton for key taxonomic groupings collected at weekly intervals at Site # 1 (top) and Site #2 (bottom) during the 2007-08 
irrigation season. 
Site #1 
Arthropods                          
Ciliates                          
Cryptophytes                          
Cyanobacteria                          
Desmids                          
Diatoms                          
Euglenophytes                          
Green algae                       
Rotifera                          
Site #2 
Arthropods                          
Chrysophytes                          
Cyanobacteria                 
Desmids                          
Diatoms     
Euglenophytes                          
Green algae            
Rotifera                          
Date 
7 
N
ov
 0
7
14
 N
ov
 0
7
22
 N
ov
 0
7
28
 N
ov
 0
7
05
 D
ec
 0
7
12
 D
ec
 0
7
19
 D
ec
 0
7
02
 Ja
n 
08
09
 Ja
n 
08
16
 Ja
n 
08
23
 Ja
n 
08
30
 Ja
n 
08
06
 F
eb
 0
8
12
 F
eb
 0
8 
21
 F
eb
 0
8
28
 F
eb
 0
8
06
 M
ar
 0
8
13
 m
ar
 0
8
18
 M
ar
 0
8
28
 M
ar
 0
8
02
 A
pr
 0
8
10
 A
pr
 0
8
17
 A
pr
 0
8
30
 A
pr
 0
8
05
 M
ay
 0
8
Legend: Blank – ‘Not Detected or Occasional’ (0-1,000 cells mL-1); Yellow – ‘Common’ (>1,000-10,000 cells mL-1); Red – ‘Prevalent’ (>10,000-100,000 cells mL-
1). Abundance refers to total number of all identified taxa recorded within relevant taxonomic groupings. 
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Statistical analysis 
Results from REML analysis indicate that temperature, conductivity, pH, dissolved 
oxygen, ammonium, oxidised N, phosphate, alkalinity and chlorophyll a between the 
two study sites were not significantly different (P>0.05), with respective P-values of 
0.57, 0.82, 0.42, 0.27, 0.051, 0.085, 0.42, 0.52 and 0.82. Conversely, Secchi depth 
and suspended solids were significantly different, with respective P-values of 0.032 
and 0.035.  
A correlation matrix along with two-sided tests of correlations different from zero was 
constructed based on correlation estimates between key physico-chemical parameters, 
temperature, dissolved oxygen, conductivity, pH and Secchi depth (Table 4-7; N=30 
measurements for each variable across both study sites over entire study period). This 
matrix indicates that there were statistically significant negative correlations between 
conductivity and Secchi depth, temperature and dissolved oxygen, and temperature 
and conductivity, and a statistically significant positive correlation between pH and 
Secchi depth. Furthermore a correlation matrix along with two-sided tests of 
correlations different from zero was constructed based on correlation estimates 
between all key water quality parameters (Table 4-8; N=40 measurements for each 
variable across both study sites over entire study period), except Secchi depth for 
which insufficient measurements were available. These estimates indicated that the 
correlations of ammonium with oxidised N, phosphate, chlorophyll a, temperature and 
conductivity were significantly different from zero (P<0.05), with the strongest 
correlation between ammonium and phosphate. The correlations of oxidised N with 
phosphate, chlorophyll a and conductivity were significantly different from zero 
(P<0.05), and the correlation with conductivity was strongest. Phosphate had 
significant negative correlation with temperature and pH and significant positive 
correlation with conductivity, whereas suspended solids had significant negative 
correlation with pH. Chlorophyll a had significant negative correlation with dissolved 
oxygen, and temperature had significant negative correlation with conductivity.  
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Table 4-7. Matrix of simple correlations and two-sided test of correlations different from zero for 
key water quality parameters measured (N=30) at both study sites (#1 and #2) during the study 
period (Oct. 2007-May 2008); red highlight indicates significant difference (P<0.05). 
Simple correlation: 
Temp.  1  - 
DO  2 -0.4642  - 
Cond.  3 -0.4757 -0.0693  - 
pH  4 0.0050 0.0936 -0.3089  - 
Secchi  5 0.3499 -0.0132 -0.7995 0.4661  - 
    1 2 3 4 5 
Two-sided test of correlations different from zero:
Temp.  1  - 
DO  2  0.0098  - 
Cond.  3  0.0079  0.7160  - 
pH  4  0.9789  0.6226  0.0967  - 
Secchi  5  0.0580  0.9450  <0.001  0.0094  - 
    1 2 3 4 5 
Table 4-8. Matrix of simple correlations and two-sided test of correlations different from zero for 
key water quality parameters measured (N=40) at both study sites (#1 and #2) during the study 
period (Oct. 2007-May 2008); red highlight indicates significant difference from zero (P<0.05). 
Simple correlation: 
TAN 1   -      
Nox 2   0.5493  -     
Orthophos. 3   0.7084  0.3538  -    
Alk. 4   -0.0899  0.1293  -0.0044  -   
TSS 5   0.2787  0.2988  0.2035  0.0772  -  
Chl a 6   -0.3566  -0.3588  -0.0863  -0.3043  -0.2639  -
DO 7   0.0317  -0.1452  -0.0414  0.2614  -0.0456  -0.3585  - 
Temp. 8   -0.3240  -0.0870  -0.5524  0.1147  -0.1962  0.1365   -0.1214 - 
pH 9   -0.1299  -0.1109  -0.3574  -0.0898  -0.4076  0.1325   0.2453  0.1925 
  - 
Cond. 10   0.6052  0.6444  0.6436  -0.0204  0.2509     -0.3111   -0.0266 -
0.4641  -0.1816 - 
   1 2 3 4 5 6  7 
 8  9 10 
Two-sided test of correlations different from zero 
TAN 1   -      
Nox 2  <0.001  -     
Orthophos. 3  <0.001 0.0251  -    
Alk. 4  0.5812 0.4264 0.9785  -   
TSS 5  0.0816 0.0611 0.2079 0.6357  -  
Chl a 6  0.0239 0.0230 0.5964 0.0563 0.0999  - 
DO 7  0.8460 0.3715 0.7996 0.1033 0.7801 0.0231   -
Temp. 8  0.0414 0.5934 <0.001 0.4811 0.2250 0.4010   0.4554  - 
pH 9  0.4242 0.4957 0.0236 0.5817 0.0090 0.4149   0.1270   0.2341 
  - 
Cond. 10  <0.001 <0.001 <0.001 0.9007 0.1184    0.0507   0.8706   0.0026   
0.2620 - 
   1 2 3 4 5 6  7 
 8  9 10 
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Sediment was sampled on four occasions during the 2007-08 irrigation season study 
period, viz. 31 October 2007, 2 January, 6 March and 7 May 2008.  
The proportion of sediment finer than 63 μm (silt and clay) varied with site and 
location. There was a higher proportion of fine sediment at all three sampling 
locations at Site #1 than at Site #2. Sediment at both sites was also finer more distant 
from the fish production facilities than directly under the facilities, but there was no 
clear pattern of accumulation of fine material (indicative of bio-accumulation of 
particulate organic waste) over time (Table 4-9). For each analysis of organic C, total 
N and P in the sediment, there were significant differences between sites and 
(transect) sampling locations (P<0.05).  
The trend in richness of sedimentary organic C, total N and P over the sampling 
period (Figure 4-15) varied between sites by distance from the fish production 
facilities, with nutrient concentrations generally decreasing with distance away from 
the fish production facilities at Study Site #1, and increasing with distance at Study 
Site #2.  
Sedimentary organic C concentrations at all three Site #1 sampling locations along the 
sampling transect varied around 1.0 %, with no uniform trend over time (Figure 4-16). 
At Study Site #1, the sampling location closest to the fish production facilities was 
slightly enriched compared to the other two locations. Concentrations varied little 
over time for all Site #2 sampling locations, with locations nearest the fish production 
facilities having concentrations less than 0.5 % organic C, and the furthest location (at 
greatest depth) being highest at around 1.5-2.0%.  
Sedimentary total N concentrations were up to three times higher (about 1.5 mg L-1) at 
the Site #1 sampling location adjacent to the fish production facilities, and at the Site 
#2 sampling location most distant from the fish production facilities (at greatest 
depth) over the entire study period compared to the other two sampling locations at 
each site, with highest concentration (> 2.0 mg L-1) at Site #1 in January 2008. 
Sedimentary total N concentrations were mostly just greater than or less than 0.5 mg 
L-1 for all other sampling locations at both sites during the study period, with no other 
obvious spatial or temporal trend in concentrations (Figure 4-17).  
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Sedimentary total P concentration was about twice as high and more variable at Site 
#1 sampling location adjacent to the fish production facilities (> 0.6-1.6 mg L-1)
compared to other sampling locations at both sites, which were mostly <0.5 mg L-1
(Figure 4-18). The maximum concentration occurred at Site #1 in January 2008. 
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Figure 4-15 Mean (± SE) of all samples along 0, 5 and 25m transect from fish production facilities 
of sedimentary organic C (top), total N (middle) and P (bottom) at Study Sites #1 and #3 for the 
period Oct. 2007-May 2008 at Red Cliffs, Victoria. 
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Figure 4-16. Sedimentary organic carbon (C) concentration (% dry wt) at three sampling 
locations (0, 5 and 25 m from fish production facilities towards deepest water) at both sites taken 
at bi-monthly intervals during the 2007-08 irrigation season.  
Figure 4-17. Sedimentary total nitrogen (N) concentration (ppt) at three sampling locations (0, 5 
and 25 m from fish production facilities towards deepest water) at both sites taken at bi-monthly 
intervals during the 2007-08 irrigation season.  
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Figure 4-18.Sedimentary total phosphorus (P) concentration (ppt) at three sampling locations (0, 
5 and 25 m from fish production facilities towards deepest water) at both sites taken at bi-
monthly intervals during the 2007-08 irrigation season.  
Table 4-9. Proportion of sediment finer than 63 μm from each site (#1 and 2) and location (0, 5 
and 25 m from the fish production facilities towards the deepest area of the reservoir).  
Location 
 (distance from fish 
production facilities) 
Date % dry weight < 63 μm 
Site #1 Site #2 
0 m 31 October 2007 91 2 
5 m  94 80 
25 m  98 88 
0 m 2 January 2008 93 25 
5 m  95 25 
25 m  95 91 
0 m 6 March 2008 90 4 
5 m  99 42 
25 m  99 81 
0 m 7 May 2008 76 8 
5 m  97 20 
25 m  99 95 
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The results of conceptual mass balance model outputs, under different annual 
(irrigation season) fish production and FCR scenarios, are provided in Table 4-10 and 
Table 4-11. These results include a summary of annual/seasonal nutrient inputs (kg) 
and outputs (%), max. total dissolved nutrients (mg L-1) and seasonal irrigation offsets 
for different fertiliser and irrigation regimes (as experienced over seven months 
between late October 2007 and early May 2008) at: 
• Site #1 - MAP, Monoammonium Phosphate and HC, Hydro-Complex; 
irrigating 117.4 ha with 800 ML and 
• Site # 2 - Easy N/Urea plus SS, single superphosphate; irrigating 189.5 ha 
with 1350 ML.  
Model outputs for all annual fish production scenarios (25-200 t yr-1) indicate for both 
sites the proportion of nutrient outputs directed: 
• into the sediment decreases with more efficient FCRs, in the range 0-24% for 
N and 0 - 37% for P 
• into harvested fish increases with more efficient FCRs, in the range 10 - 40% 
for N, and 9 -35% for P  
• into the water column remains relatively consistent with FCR, in the range 60-
66% for N and 54-68% for P. 

Model estimates of carrying capacity for each fish production/FCR scenario vary with 
site, based on differing maximum operational capacity of storages and 
annual/seasonal irrigation flows, which together dictate the rate of periodic dilution 
and flushing and dilution, are summarised in Table 4-10and Table 4-11. Gross 
estimates of maximum Total (dissolved inorganic) N and P concentrations in the 
water column (hypothetically achieved momentarily immediately before final fish 
harvest) increase with increasing fish production yields and with less efficient FCRs, 
at enrichment (nutrient stress) levels well in excess of background (unstressed) (Table 
4-12A).  
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Indicative carrying capacity for all scenarios is determined by comparing gross 
estimates of maximum Total N and P concentrations against recommended levels of 
N and P in various forms (Table 4-12B), including for maintenance of aquatic 
ecosystems and for freshwater aquaculture (ANZECC, 2000) and for intensive 
Murray cod aquaculture (Boreham et al., 2004).  
This comparison indicates that concentrations of P exceed all ANZECC limits, but are 
within limits recommended specifically for intensive culture of Murray cod for Total 
P (within range and < median). Concentrations of N exceed all ANZECC limits, with 
the possible exception of recommended levels for nitrates for freshwater aquaculture 
(assuming nitrates make up the majority of Total N estimates for model outputs). 
Estimated maximum concentrations of N are completely within recommended levels 
for intensive culture of Murray cod based on comparison with TAN (< median) and 
NOx (< minimum) for 25 t annual production at all FCRs for Site #2, and at the most 
efficient FCR (1.0:1) only at Site #1, for 50 t annual production at FCRs ranging from 
1.0 to 2.0:1 at Site #2 only, and for 100 t annual production at the most efficient FCR 
1.0:1 at Site #2 only. Estimated maximum concentrations of N are partially within 
recommended levels for intensive culture of Murray cod based on comparison with 
TAN (> median) and NOx (< minimum) for all other production/FCR scenarios at 
both sites, with exception of 200 t annual production at FCR 3.0:1 at Site #1. Under 
the latter scenario at Site #1, estimated maximum concentrations of N exceed both the 
recommended median TAN and minimum NOx. 
	
Model estimates for potential fertiliser offsets, based on gross estimates of soluble 
Total Inorganic N and P accumulated in the water column over the full annual 
irrigation season as a proportion of N and P provided under actual fertiliser regimes 
(for 2007-08), are summarised in Table 4-10 and Table 4-11 for Site # 1 and # 2 
respectively. These estimates indicate that potential offsets for both N and P increase 
with increasing levels of fish production and decreasing efficiency of FCRs. Offsets 
under HC fertilisation regimes at Site #1 are greater than for MAP regimes, which in 
turn are greater than offsets at Site #2 under a combination regime of Easy N/Urea 
and SS. Under all scenarios, offsets for N are typically much greater than for P.  
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Estimated offsets for N at Site #1 under both fertiliser regimes are >150% under most 
scenarios, with the exception of 25 t annual fish production and FCRs of 1.0-2.0:1 for 
MAP, and FCRs of 1.0-1.5:1 for HC. Maximum estimated offsets are > 1000% for 
200 t annual production at FCRs of  2.5:1 for MAP and at FCRs of  1.5:1 for HC. 
Estimated offsets for P at Site #1 for the MAP fertiliser regimes are <100% under 
most scenarios, with the exception of 200 t annual fish production and FCRs of 2.5-
3.0:1, both of which are < 150%. Estimated offsets for P at Site #1 for the HC 
fertiliser regimes are >100% under most scenarios, with the exception of 25 t annual 
production and FCRs of 1.0-2.0:1, and 50 t annual production at FCR of 1.0:1. 
Maximum estimated offsets are > 300 % for annual production  100 t at all FCRs 
with exception of 100 t annual production at FCRs of 1.0-1.5:1. 
Estimated offsets for N at Site #2 are >150% under most scenarios, with the exception 
of 25 t annual fish production, 50 t annual production for FCRs of 1.0-2.0:1, and 100 t 
annual production for an FCR of 1.0:1. Maximum estimated offsets are > 500 % for 
200 t annual production at FCRs of  2.0:1. Estimated offsets for P at Site #2 are all 
<100%, with the exception of 200 t annual fish production at an FCR of 3.0:1, which 
has a potential offset of 114%. 
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Table 4-10 Site #1 (130 ML capacity) conceptual nutrient mass balance model scenarios (annual fish production tonnage and FCRs), total inorganic nutrient inputs 
and outputs (%), max. total dissolved nutrients (mg L-1) and seasonal irrigation offsets for two different fertiliser regimes (MAP, Monammonium Phosphate; HC, 
Hydro-Complex) and irrigating 117.4 ha with 800 ML water over seven months between late Oct. 2007-early May 2008 
Production 
Scenario 
Nutrient (Food) 
Inputs (kg) 
Nutrient Outputs 
(%) 
Total Dissolved 
Nutrients -max. 
(mg L-1) 
Seasonal Irrigation Fertiliser Offset (%) 
Tonnage  
(Yr-1) 
FCR Total 
N 
Total 
P 
Sed 
N 
Sed 
P 
Fish 
N 
Fish 
P 
Water 
N 
Water 
P 
Total N Total P MAPa
N 
MAPa
P 
HCb
N 
HCb
P 
25 3.0 5653 1097 24 37 10 9 66 54 5.57 0.72 225 17 329 132 
25 2.5 4434 860 21 28 13 12 66 60 4.78 0.65 177 14 258 115 
25 2.0 3350 650 16 19 18 16 66 65 4.09 0.55 135 12 196 94 
25 1.5 2380 462 9 10 25 22 66 68 3.44 0.44 95 9 139 70 
25 1.0 1508 293 0 0 40 35 60 65 2.78 0.32 55 5 80 42 
50 3.0 11306 2194 24 37 10 9 66 54 9.26 1.31 451 33 658 264 
50 2.5 8868 1721 21 28 13 12 66 60 7.67 1.16 354 29 516 230 
50 2.0 6700 1300 16 19 18 16 66 65 6.29 0.98 269 24 393 189 
50 1.5 4761 924 9 10 25 22 66 68 4.99 0.76 190 18 277 140 
50 1.0 3015 585 0 0 40 35 60 65 3.67 0.51 109 11 160 85 
100 3.0 22613 4388 24 37 10 9 66 54 16.65 2.50 902 66 1315 528 
100 2.5 17735 3441 21 28 13 12 66 60 13.46 2.20 707 58 1032 460 
100 2.0 13400 2600 16 19 18 16 66 65 10.70 1.82 539 47 786 377 
100 1.5 9521 1847 9 10 25 22 66 68 8.10 1.39 380 35 554 280 
100 1.0 6030 1170 0 0 40 35 60 65 5.47 0.89 219 21 319 170 
200 3.0 45225 8775 24 37 10 9 66 54 31.41 4.87 1803 132 2631 1055 
200 2.5 35471 6882 21 28 13 12 66 60 25.05 4.26 1415 115 2064 920 
200 2.0 26800 5200 16 19 18 16 66 65 19.52 3.52 1077 94 1572 754 
200 1.5 19042 3695 9 10 25 22 66 68 14.33 2.65 760 70 1109 560 
200 1.0 12060 2340 0 0 40 35 60 65 9.05 1.65 438 43 639 339 
a Monammonium Phosphate (N: 10.0% P: 21.9% S: 1.5%) @ 140 kg/ha/yr; b Hydro Complex (N: 12.0% P: 4.8% K: 15.0% S: 8.0% Ca: 2.5% Mg: 1.6%) @ 80 
kg/ha/yr 
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Table 4-11. Site #2 (95 ML capacity) conceptual nutrient mass balance model scenarios (annual fish production tonnage and FCRs), total inorganic nutrient inputs 
and outputs (%), max. total dissolved nutrients (mg L-1) and seasonal irrigation offsets for single fertiliser regime (SS, Single Superphsophate + Easy N/Urea) and 
irrigating 189.5 ha with 1350 ML water over seven months in late Oct. 2007-early May 2008 
Production Scenario Nutrient (Food) 
Inputs (kg) 
Nutrient Outputs 
(%) 
Total Dissolved 
Nutrients -max. 
(mg L-1) 
Seasonal Irrigation 
Fertiliser Offset (%) 
Tonnage  
(Yr-1) 
FCR Total 
N 
Total 
P 
Sed 
N 
Sed 
P 
Fish 
N 
Fish 
P 
Water 
N 
Water 
P 
Total N Total P EasyN/ Ureaa
N 
SSa
P 
25 3.0 5653 1097 24 37 10 9 66 54 2.54 0.25 114 14 
25 2.5 4434 860 21 28 13 12 66 60 2.23 0.22 89 12 
25 2.0 3350 650 16 19 18 16 66 65 1.96 0.19 68 10 
25 1.5 2380 462 9 10 25 22 66 68 1.71 0.14 48 8 
25 1.0 1508 293 0 0 40 35 60 65 1.45 0.09 28 5 
50 3.0 11306 2194 24 37 10 9 66 54 3.98 0.48 227 29
50 2.5 8868 1721 21 28 13 12 66 60 3.36 0.42 178 25
50 2.0 6700 1300 16 19 18 16 66 65 2.82 0.35 136 20
50 1.5 4761 924 9 10 25 22 66 68 2.31 0.27 96 15 
50 1.0 3015 585 0 0 40 35 60 65 1.80 0.17 55 9 
100 3.0 22613 4388 24 37 10 9 66 54 6.86 0.95 455 57 
100 2.5 17735 3441 21 28 13 12 66 60 5.62 0.83 357 50 
100 2.0 13400 2600 16 19 18 16 66 65 4.54 0.68 272 41 
100 1.5 9521 1847 9 10 25 22 66 68 3.53 0.51 192 30
100 1.0 6030 1170 0 0 40 35 60 65 2.50 0.32 110 18 
200 3.0 45225 8775 24 37 10 9 66 54 12.63 1.87 910 114 
200 2.5 35471 6882 21 28 13 12 66 60 10.14 1.63 714 99 
200 2.0 26800 5200 16 19 18 16 66 65 7.99 1.34 543 82 
200 1.5 19042 3695 9 10 25 22 66 68 5.96 1.00 383 61 
200 1.0 12060 2340 0 0 40 35 60 65 3.90 0.61 221 37
a Easy N &/or Urea (av. N: 43.0%) @ 40 kg/ha/yr; b Single superphosphate (P: 8.8%) @ 250 kg/ha/yr
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Table 4-12. A. Summary concentrations (mean and range) of background inorganic N and P in irrigation inflow (Murray River upstream of irrigation offtake) and 
outflow (on-farm storages – Site # 1 & 2) under negligible-low nutrient loadings/stress during 2007-08 irrigation season (present study); B. Summary 
concentrations of inorganic N and P forms as specified for protection of aquatic ecosystems and for freshwater aquaculture (ANZECC, 2000), and for intensive 
aquaculture of Murray cod (Boreham et al., 2004). 
A. 
Nox (mg L-1) TAN (mg L-1) DIN (mg L-1) OrthoPO4 (mg L-1) Total P (mg L-1) 
Mean Range Mean Range Mean Range Mean  Range Mean Range 
Irrigation inflow (Murray R. upstream of irrigation offtake 
 0.06 0-0.27 NA  NA  NA NA 0.08 0.06-0.12 
Irrigation outflow (from on-farm storage reservoirs) 
Site 1 1.68 0.31-3.31 0.20 0.02-0.64 1.88 0.47-3.95 0.13 0.01-0.29 NA NA 
Site 2 1.04 0.11-1.81 0.05 0.01-0.15 1.10 0.16-1.89 0.02 0-0.16 NA NA 
B. 
Parameter ANZECC 2000  
(mg L-1) 
(Boreham et al., 2004) and 
(Piper et al., 1998) (mg L-1) 
Aquatic 
Ecosystems 
Freshwater 
Aquaculture 
Intensive Aquaculture 
Range Median 
Nitrogen (N) 
Total Ammonia (Nitrogen)   0.3-26.5 2.9 
Total Available Nitrogen  <1.0   
Total Nitrogen 0.35    
Ammonium 0.01    
Unionised Ammonia  <0.03 0.003-0.02  
Nitrate  <50 27-77 44 
Nitrite  <0.1 0.01-0.63 0.24 
NOX 0.01    
Phosphorus (P) 
Orthophosphate  <0.1   
Total Phosphorus 0.01  0.3-13 5.1 
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Nitrogen (N) and phosphorus (P) are two of the primary macronutrients limiting primary 
productivity in terrestrial and aquatic agrifood production systems. In aquatic systems, 
chemical and biological processes cycle N and P through various inorganic and organic, 
and dissolved and particulate forms, in both the water column and the substrate. Nitrogen 
is typically limiting to primary production in marine waters, and P is typically the limiting 
nutrient in fresh waters (Paerl, 1988).  
In aquatic systems, N can take the form of oxidised species, nitrate (NO3-) and nitrite 
(NO2-), which are collectively measured as NOx, reduced species, ammonium (NH4+) and 
ammonia (NH3), and nitrogen gas (N2). Total N is a measure of all forms of dissolved and 
particulate N present in water. Dissolved forms of N are readily assimilated in aquatic 
systems by phytoplankton, whereas particulate forms of N occurring in the water column 
and substrate are only partly remineralised, and therefore not readily available for 
biological assimilation (Boyd, 1979; 1990).  
In aquatic systems, P can take the form of inorganic orthophosphate (PO4 3-) and organic 
phosphate containing compounds. Total P is a measure of all forms of dissolved and 
particulate P present in water. Phosphates (available P) are readily assimilated in biological 
systems by phytoplankton, but can also be readily adsorbed onto mineral surfaces (e.g. clay 
particles) in both the water column and substrate (Boyd, 1979; 1990).  
An example of conceptually how N and P is cycled through marine waters under low and 
high nutrient loading scenarios is provided by (Longmore, 2006) for Victoria’s Port 
Phillip Bay (PPB) (Figure 4-19), as described by (Harris et al., 1996; Berelson et al., 
1998); (Longmore, 2005, 2006). A modified version of this model (Figure 4-20) provides 
the basis of the conceptual nutrient mass balance model developed in the present study for 
open-water cage culture IAAS production in private irrigation storage reservoirs in the 
Sunraysia Irrigation Region of north-western Victoria (Figure 4-3), and hereafter referred 
to as the ‘IAAS-nutrient’ model.  
For the purposes of this study, major differences between nutrient cycling functions in 
marine waters such as PPB, and freshwaters such as irrigation storages, relate to the 
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source of nutrients, and the differing roles and ultimate fate of N and P within the aquatic 
ecosystem. Within PPB, nutrient enrichment occurs by various means including run-off 
from catchments (e.g. rivers and stormwater drains), effluent from wastewater treatment 
plants, rainfall and atmospheric fixation, and oceanic tidal exchange. Nutrients are then 
primarily cycled within the Bay, with limited release (net reduction) to external sources 
other than through oceanic flushing. For the IAAS-nutrient model, nutrients are supplied 
through irrigation water pumped from the Murray River, and cultured fish and fish food. 
Nutrients are cycled within the storage reservoirs, but are also ‘stripped’ as harvested fish 
biomass, and also continuously flushed to the external environment by pumping of 
irrigation water, and therefore potentially available to fertilise terrestrial (horticultural) 
crops.  
The function of both models is limited to varying degrees by other critical physico-
chemical processes, including temperature, pH, dissolved oxygen, salinity (primarily in 
marine systems) and water clarity/light availability. These functions in turn have an effect 
directly on biota, and indirectly on other ecosystem functions, such as nutrient cycling. 
Under high nutrient loading and increasing substrate anoxia in PPB, sedimentary 
processes increasingly remineralise N in the form of NH4+, which is returned to the water 
column.  
Similar processes occur in freshwater ponds, and form the basis of key assumptions in the 
IAAS-nutrient model, in which nutrient enrichment from cultured fish food waste and fish 
excreta enrich the pond ecosystem beyond the natural (background) assimilative capacity 
of the pond. Accordingly, N becomes a limiting nutrient to fish production in such 
circumstances as the proportion of the toxic un-ionised NH3 fraction in the water column 
(due to natural ammonification processes) increases with increasing pH (e.g. from 
phytoplankton photosynthesis) and water temperature (diurnal and seasonal)(Stickney, 
1979; Boyd, 1990). The IAAS-nutrient model factors in the moderating effect of nutrient 
flushing and dilution from irrigation pumping, and also identifies potential N-based 
fertiliser offsets for irrigated horticulture.  
Phosphorus is typically a limiting nutrient to primary production in freshwater ponds, and 
the IAAS-nutrient model assumes a high standing crop and constant succession and 
cycling of plankton due to the combined effects of nutrient enrichment and irrigation 
flushing. In relation to fish toxicity, P is a relatively benign nutrient with most cultured 
fish species having high tolerance to elevated P concentrations. Phosphorus is also highly 
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The N and P nutrient load (estimate of the total amount of N and P inputs to any one 
spatially and temporally discrete system defined from external sources) for a body of 
freshwater utilised for aquaculture, such as integrated agri-aquaculture systems (IAAS), is 
largely determined by the input of high energy aquafeed. The N and P nutrient budget for 
irrigated IAAS (estimate of the fate of N and P inputs within the system, together with 
immediate externalities) is collectively determined by the various physical, biological, 
hydraulic, hydrological, climatic, husbandry and irrigation characteristics of the system. 
Irrigated horticulture systems in north-western Victoria typically apply N and P as part of 
commercially available, inorganic fertilizer regimes, by direct application to the soil or by 
reticulated fertigation systems. Fertiliser application levels vary considerably with crop and 
soil type, farming and irrigation system design, fertilisation history, prevailing climatic 
conditions, production cycle/schedule and product specification. For viticulture in north-
western Victoria, the approximate quantity of nutrients removed from the soil by annual 
harvesting of grapes ranges from 17 kg/ha for N and 2 kg/ha for P at low yield (5-10 
tonnes/ha/annum), to 74 kg/ha for N and 10 kg/ha for P at high yield (31-35 
tonnes/ha/annum) (Treeby et al, 2004). While average removal of nutrients in grapes gives 
an indication of requisite nutrient ‘top up’ levels, in practice, higher nutrient application 
rates are necessary to maintain yield and quality e.g. annual applications of up to 30-100 
kg N/ha may be needed to maintain fertility, depending on cropping level (Treeby et al., 
2004a, 2004b; Treeby et al., 2004c). 
The major commercial inorganic fertilisers used by farmers as sources of N and P in the 
present study at Site # 1 and Site #2 are ((Treeby et al., 2004a); pers. comm., farmer 
partners/present study): 
• Mono-Ammonium Phosphate (MAP): N-10%, P-22% 
• Hydro-complex (HC): N-12%, P-4.8% 
• Single Superphosphate (SS): P-8.8% 
• Easy N: N-42.5% 
• Urea: N-46% 
Whereas fertilisation is required for irrigated horticulture, including viticulture, to avoid 
deficiency of key nutrients and reduced productivity, an oversupply of nutrients can cause 
toxicity, excessive plant vigour and other imbalances, thereby also reducing productivity 
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(e.g. through increased shading and lower bud fruitfulness and fruit quality). For 
viticulture, an oversupply of N is potentially more harmful than an oversupply of P 
(Treeby et al., 2004a, 2004b; Treeby et al., 2004c). 
Fertilisers and fertigation systems are collectively a major cost item for irrigated 
horticulture enterprise in north-western Victoria, with fixed infrastructure costs including 
pumps, filters, reticulation systems, tractors and spreaders etc., and annual operating costs 
including labour, fertilisers, maintenance etc. As an example, costs for purchase of 
fertilisers at Thurla Farms, Red Cliffs (Site #1) is in the order of $200,000 pa, of which 
approximately 80% is utilised for irrigated horticulture (Thurla Farms P/L, pers. comm., 
2011). 
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Over the period of the present study (2007-08 irrigation season), mean nutrient 
concentrations and associated water quality indicators were generally higher at Site #1 than 
at Site #2, which may have been influenced at each site by construction attributes of the 
reservoirs, irrigation throughput and associated dilution effects, cultured fish standing crop 
and associated feed and waste loadings, and residual organic waste from cultured fish 
production in previous years. 
A measure of inlet (supply to the storage reservoirs) water quality, data from the Murray 
River downstream of the Wakool Junction (site 414200) was available in the DEPI 
DataWarehouse (www.depi.vic.gov.au). This site is several kilometres upstream of the 
pumping station which supplies irrigation water to the study sites. These data indicate that 
the total suspended solids measured at the study sites was near the minimum of the range 
from the Murray River site, pH at both sites was above the river mean, and nitrate plus 
nitrite concentrations at both dams exceeded the river mean by up to 3-10 fold. Phosphate 
concentration at Site #1 exceeded the river mean by a factor of three. This indicates some 
enrichment had occurred on-farm in the storage reservoirs, part of which may be from 
concurrent fish production (at Site #1) and/or previous fish production at both sites. 
Concentrations of N and P throughout the study period were slightly higher than 
background levels in the Murray River (water source). Both sites are likely to have had 
some ongoing mineralisation of residual organic waste in the substrate from concurrent 
fish production (Site # 1 only) and/or previous fish production (both sites), but the overall 
relatively low N and P concentrations compared to background levels suggest that neither 
site was being stressed by nutrient loadings from any source.  
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Water quality at both study sites was generally similar throughout the study, with the 
exception of water clarity as measured by the interrelated parameters of Secchi depth and 
suspended solids. The high level of interrelatedness of most of the measured parameters 
was consistent with general characteristics of water chemistry for aquaculture ponds 
according to (Boyd, 1979, 1990; Boyd, 1998; Boyd, 2012). 
Site #1 is larger (greater maximum operational depth, surface area and capacity) by 
comparison with Site #2, but had less irrigation throughput and associated irrigation 
cropping area during the study period and three preceding years (2004-07). Both sites are 
constructed with a clay substrate, but Site #2 differs in having a lining of bentonite applied 
to the substrate during construction. Bentonite is a clay product which is commonly used 
as a natural sealant in construction of farm water storages. Its colloidal effect also 
facilitates flocculation and settlement of clay particles suspended in the water column, 
resulting in reduced turbidity. For this reason, Site # 1 was consistently more turbid than 
Site #2 (as evidenced by higher Secchi disc readings and lower concentrations of 
suspended solids at Site #2) and, together with the greater depth and lower irrigation 
throughput (and therefore lower mixing and dilution), is likely to have resulted in thermal 
stratification, with bottom water being much cooler and potentially more anoxic compared 
to Site #2. In practice, this is likely to have limited impact on fish production in the 
warmer, oxic surface waters of both reservoirs (where fish production facilities are 
located). Conversely these characteristics may impact on the fate of nutrients released into 
the water column and accumulation of nutrient rich organic waste (uneaten food and fish 
faeces) on the substrate and within the sediment; particularly immediately below and 
adjacent to fish production facilities; particularly at higher levels of cultured fish 
production than experienced during and prior to the present study. 
Slightly elevated ammonium and oxidised N levels at Site #1 throughout most of the study 
period are consistent with limited nutrient loading from concurrent low level fish 
production at Site #1, and perhaps some residual effect from fish production in previous 
years (Gooley et al., 2007). Oxidised N (nitrite plus nitrate) concentrations were higher 
than ammonium concentrations at both farms and, together with the overall reduction in 
oxidised N concentration from December onwards at Site #1, this may indicate the 
dominant influence on nitrogen concentrations in the storage reservoirs of the riverine 
source of fresh irrigation water; as compared to nitrogen sourced from fish excretion and 
internal nitrogen recycling (which should favour ammonium production). At both sites, the 
mixing and diluting effect of irrigation flows on nutrient levels was evident, particularly 
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during the peak irrigation demand periods (Figure 4-1). At no stage during the study period 
were N levels toxic to fish (n.b. unionised ammonia at < 0.003 mg L-1) or indeed likely to 
limit production (Stickney, 1979; Boyd, 1990; Piper et al., 1998; Boreham et al., 2004), 
and were more reflective of background levels in the Murray River; the source of the 
irrigation water. Concentrations of P remained relatively low at both sites throughout the 
study period. 
Surface DO levels tended to be at or close to saturation throughout the study period at both 
sites. Indeed, in the non-stressed state, prevailing DO levels at Site #1 were probably 
independent of the effects of supplementary mechanical aeration provided by periodic 
pumping of reticulated air to the fish production facilities from the adjacent mains 
powered, high-volume/low-pressure blower.  
The broad similarity of chlorophyll a concentration variation between the two sites over 
time indicates that the concentrations are strongly influenced by the irrigation supply water 
(from the Murray River) and associated irrigation demand, rather than in situ primary 
production within the storage reservoirs themselves. Site #2 concentrations tended to be 
slightly higher, presumably due to the higher water clarity and associated light penetration 
promoting increased primary productivity. This is also apparent from the greater number of 
common/prevalent plankton taxa, including diatoms and green and blue-green algae at Site 
#2. Overall, Site #2 had a more diverse and higher standing crop of plankton over the 
entire sampling period, again indicative of higher water clarity and associated chlorophyll 
a levels, more so than elevated nutrient levels (which were actually lower at Site #2). 
Consistent with relatively low N and P concentrations (latter fraction in particular) in the 
surface waters, neither site however was impacted by obvious algal blooms at any stage 
throughout the study period or during the preceding three years. The lack of obvious algal 
blooms and dominance of any one taxa at either site suggests that the standing crop of 
plankton at both sites is mostly in a constant state of succession, consistent with 
background levels of nutrient cycling through the sediment and water column. This is 
despite the relatively low N and P ratio (typically  10), which is often conducive to 
growth of Cyanobacteria spp. (blue-green algae; Paerl (1988)). 
The higher proportion of fine sediment in the substrate at Site #1 compared to Site #2 is 
likely to be mostly due to the increased turbidity and ongoing settlement of clay particles at 
Site #1. It may also be partly due to the increased settlement of particulate organic waste at 
Site #1 due to previous and ongoing fish production. In addition to the ongoing production 
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at Site #1, several tonnes of cage cultured Murray cod were produced at Site #1 in the three 
years preceding the present study, from 2004-05 to 2006-07 (Gooley et al., 2007). The 
location of the fish production facilities at Site #1 was in much deeper water over a mostly 
flat substrate, with less chance of sedimentary scouring and displacement from irrigation 
pumping. Fish production facilities at Site #2 were in relatively more shallow water, closer 
to the perimeter of the storage reservoir and to irrigation inlet and outlet pipes; thereby 
increasing the likelihood of scouring and sedimentary displacement into adjacent deeper 
sections of the water body. The increased accumulation of sedimentary C, N and P at Site 
#1 below the fish production facilities, and at Site #2 in the deepest sampling location (C 
and N only), are also consistent with these observations, although the data collectively 
suggests relatively ‘healthy’ substrates in ecological terms, with no evidence of 
problematic bioaccumulation of organic C at either site over time. 
On the basis of these findings, in terms of overall water quality, it is concluded that the 
prevailing background (non-stressed) state of both study sites could otherwise be described 
as being consistent with ‘slightly to moderately disturbed’ aquatic ecosystems when 
compared to (ANZECC, 2000) Guidelines for Protection of Aquatic Ecosystems (such as 
commonly found in lowland rivers and adjacent wetlands). Under increased nutrient 
loadings from open-water cage culture IAAS production of Murray cod, it is expected both 
sites would become chronically stressed to the extent that they would be classified as 
‘highly disturbed’. Under the latter circumstances, (ANZECC, 2000) Guidelines for 
Freshwater Aquaculture would be more relevant to apply for management purposes. 
In terms of nutrient levels in particular, water quality in the non-stressed state could be 
described as ranging between oligotrophic and mesotrophic conditions, mostly determined 
by the quality of irrigation water source (Murray River), timing and quantity of irrigation 
flows and associated seasonality, and to a lesser extent for Site #1, historical/residual 
nutrient loadings from previous IAAS trials. It can also be concluded therefore that key 
water quality processes, including response of ecosystem processes to varying nutrient 
loadings (i.e. low unstressed ambient background levels to high stressed modified levels) is 
likely to be predictable, consistent with contemporary understandings for marine and 
freshwater aquatic systems. The development of a conceptual nutrient mass balance model 
based on these assumptions, such as the IAAS-nutrient model in the present study, is valid 
for determining the process dynamics and ultimate fate of key nutrients such as N and P. 

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Feed is the major source of nutrient-rich waste in aquaculture, and the management of such 
waste is often difficult and expensive, particularly where treatment is required to mitigate 
environmental externalities (such as eutrophication of receiving waters) (Amirkolaie, 
2011). Under IAAS conditions, the dissolved fraction of ‘waste’ nutrients that are not 
otherwise ‘captured and stripped’ by way of harvesting cultured produce, are typically 
‘recovered and re-used’ through irrigation of terrestrial crops; thereby achieving multiple 
use of water, offsetting farm fertilisation costs and minimising impacts on aquatic 
ecosystems within the broader catchment (Gooley, 2000; Gooley et al., 2001b; Gooley and 
Gavine, 2003a; Gooley et al., 2007). 
Waste is generated within intensive and semi-intensive finfish culture systems primarily by 
a) uneaten food and b) excreta from the fish. Uneaten food leaches dissolved nutrients and 
some suspended solids initially while descending through the water column and after 
settling on the substrate, and ultimately once the resultant settleable solid fraction of the 
uneaten food accumulates and decays on and within the substrate. The N and P fraction of 
such wastes typically takes various forms including those that remain bound in the 
substrate and those that are mineralised (in solution) and/or re-suspended within the water 
column. Nutrient-rich excreta from fish includes solid faecal pellets and dissolved 
metabolites released from the gills and in urine.  
In intensive aquaculture systems, between 20-40% of dietary dry matter is assimilated by 
fish, of which 20-25% N and P is retained, with the remainder excreted (Verdegem et al., 
1999) and De Silva (pers. comm.), and the proportion of uneaten food ranges for different 
species between 2-30% (Cho et al., 1991; De Silva and Anderson, 1995; Ingram, 1999); 
(Boreham et al., 2004). In the present study, it is assumed that much the same mechanisms 
apply under semi-intensive culture conditions, such as for open-water IAAS cage culture 
of Murray cod, albeit at reduced levels of efficiency due to reduced levels of management 
control. It is also reasonable to assume that soluble N and P concentrations in the water 
column sourced from waste fish food and fish excreta under such conditions, will largely 
dictate carrying capacity of cultured fish biomass in any one storage reservoir, and will 
determine the potential for fertiliser offsets as these nutrients are flushed onto irrigated 
crops.  
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For all IAAS-nutrient model scenarios tested in the present study, the majority of N and P 
outputs from fish production (>60% for N and > 50% for P) end up in soluble form in the 
water column, and therefore potentially available for irrigation and fertiliser offsets. The 
amounts of remaining N and P outputs from fish production ending up bound up in the 
substrate or stripped as harvested fish biomass are inversely proportional to FCR, as the 
amount of nutrients accumulating in the sediment decreases and the amount stripped as 
harvested fish increases with increasingly more efficient FCR. A premium placed on 
enhancing FCR, though improved fish production husbandry, feeds, system design etc., is 
therefore likely to be based on achieving improved productivity and associated profitability 
through increasing overall scale of production (i.e. maintaining higher overall annual 
standing crop and annual yield), up to but not in excess of optimal carrying capacity (as 
determined by max. tolerable concentrations of N); more so than for purposes of 
optimising fertiliser offsets.  

Estimates of carrying capacity for different scenarios generated by the IAAS-nutrient 
model are singularly determined by estimated concentrations of N and to a lesser extent P, 
on a hypothetical ‘worst case scenario’. This scenario assumes that the aquatic ecosystems 
within the storage reservoirs function in a predictable manner, and that all fish achieve 
harvest size at the same time, and are all held pending harvest of all fish at the same ‘one-
off’ time. In practice, the latter assumption is neither likely nor practical due to the myriad 
confounding effects of variable fish growth and survival under ambient climatic 
conditions, system design, husbandry, target species, feed management and irrigation 
management etc. The estimates nonetheless serve as a useful measure of potential risk 
from carrying excessive biomass, on a gross, whole-of-system basis. For this reason, 
estimates of potential carrying capacity using the IAAS-nutrient model are considered 
indicative only, and positive and negative margins for error appropriately factored in. 
Within the stated limitations, it is reasonable to conclude that private irrigation storage 
reservoirs in the Sunraysia Irrigation Region, of the type investigated in the present study 
(typically > 1 ha surface area, > 5 m depth, > 50-100 ML capacity and > 750 ML annual 
irrigation demand) have the potential through cage culture-based IAAS, to produce up to 
200 t of Murray cod annually under ‘best practice’ aquaculture and highly modified 
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irrigation management conditions. More specifically, increasingly higher annual fish 
production yields dictate the need for increasing levels of management control: 
• 25 t pa – likely to be achieved with relatively low levels of aquaculture 
management (minimal need to enhance FCR efficiency) and minimal requirement 
to adjust existing irrigation practice (i.e. all estimated fertiliser offsets readily 
incorporated into existing irrigation operations) 
• 50-100 t pa – probably achieved with active aquaculture management (requirement 
to achieve FCRs of at least 2.0:1) and modified irrigation practice to avoid 
excessive N (requirement to avoid fertiliser offsets for N > 200-300% 
• 200 t pa – possibly achieved with Best Practice aquaculture management 
(requirement to achieve FCRs of at least 1.5:1) and highly modified irrigation 
practice to avoid excessive N (requirement to avoid fertiliser offsets for N > 750-
1000%). 
	
The notional potential for fertiliser offsets and associated economic benefits for irrigated 
agriculture from IAAS applications in Australia has previously been reported by Gooley et 
al. (2001b) and Gooley and Gavine (2003a). 
Results in the present study suggest that farmers practicing open-water IAAS cage culture 
production of Murray cod have the potential to offset up to 100% of P fertiliser costs and at 
least 100% of N fertiliser costs under a range of combined fish production (including FCR 
and max. annual yield) and horticulture irrigation scenarios. Economic benefits will vary 
according to horticulture sector, and specifically crop type, farming system and scale, 
existing costs and preferred fertiliser regime, prevailing weather etc, but savings are likely 
to be > $100,000 pa (net) in most cases for most private irrigation developments in north-
western Victoria.  
By comparison, a similar IAAS application in public waterways (e.g. lakes and reservoirs) 
is likely to incur an additional operating cost in the form of a levy by water authorities for 
environmental externalities resulting from discharge of nutrient rich effluent (Gooley et al., 
2001a).  
Additional N and P applications in excess of existing viticulture industry practice has the 
potential to increase productivity, including fruit quality and yield, and economic returns. 
Subject to timing, irrigated viticulture in north-western Victoria potentially has the ability 
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to increase N fertiliser applications rates by at least 200%, and by unlimited amounts of P 
over existing practice without impacting product quality and productivity. Existing practice 
is based on cost-benefit, where input costs are relatively high. Reduced input costs by way 
of ‘free’ sourcing and delivery of N and P, for which actual costs are internalised within 
the IAAS fish production enterprise, make application of increased N and P a viable option 
(Thurla Farms, pers. comm.. 2011).  
Maleri et al. (2008) estimated for larger irrigation storage dams (1.8-7.5 ha surface area) in 
South Africa in which open-water, integrated cage culture of finfish is practiced, at fish 
stocking densities ranging from 1-2.2 up to 8 tonnes/ha of storage dam surface area, 
seasonal fertiliser offsets of up to 2.4% of P and 18.0% N could be provided for irrigated 
olive production, and up to 7.6-47.2% of N and 23.7-94% of P could be provided for 
irrigation of vines. By comparison with the present study, these offsets are lower for N and 
similar for P, but at lower seasonal irrigation rates of between 1-3 ML/ha in South Africa 
compared to 2.6-7.5 ML/ha in the present study. Stevenson et al. (2010) concluded that 
there were typically positive effects on growth and yield of cotton crops in Arizona 
irrigated with nutrient rich effluent sourced from pond-based IAAS production of finfish, 
relative to irrigation from a non-enriched groundwater irrigation source. It was also 
concluded that such effluent alone was incomplete as a fertiliser source without 
supplementation, compared to established fertiliser applications. In the Mekong Delta of 
Vietnam, nutrient-rich effluent (water and sludge) from intensive pond culture of Tra 
catfish is often directed onto adjacent rice fields and fruit gardens to enhance crop 
production. Quantitative measures are not available but it is estimated that up to 35% of 
farms periodically discharge some water from ponds directly to crops rather than into the 
Mekong River (Phan et al., 2009). Overall however, inorganic N and P loadings in 
discharge water from farms feeding commercial pellets are estimated to range between 
33.4-69.7 kg N and 9.9-19.8 kg P/tonne of fish produced, depending on FCR efficiency..  
On this basis, the Tra catfish industry which produces on average > 1 million tonnes of fish 
per annum, was estimated to discharge >30,000-50,000 tonnes of N and >9,000-15,000 
tonnes of P from ponds in 2007 and 2008 respectively (De Silva et al., 2010). 
In the present study, the risk of excessive N in irrigation water for viticulture is most 
critical immediately prior (about 1.5 months) to harvest. Farmers typically reduce N 
fertiliser application at this time to minimal levels to ensure fruit quality. Accordingly, 
farmers practicing open-water IAAS cage culture production of Murray cod would need to 
re-direct nutrient rich irrigation water to alternative crops at this time, source alternative 
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irrigation supplies from non-enriched sources or otherwise restrict irrigation flows (Thurla 
Farms, pers. comm. 2011). If irrigation flushing of nutrient-rich storage reservoirs is 
ceased for any length of time (> one week), for whatever reason, contingency fish 
production management measures would need to be introduced immediately, such as 
reduced feed rates and supplementary (mechanical) aeration. Without such contingencies, 
storage reservoirs would rapidly become hyper-eutrophic, potentially reaching 
concentrations of N toxic to fish and leading to fish health problems manifest as reduced 
growth rates initially, and ultimately increased fish mortality and reduced productivity. 
Further risks under such conditions relate to potential blockage of irrigation filters and 
micro-drippers by excessive plankton biomass, and extreme diurnal pH and DO (and 
indirectly ammonia) fluctuations due to plankton respiration and photosynthesis activity 
(Maleri et al., 2008). 
Alternative crops with potential for irrigation with highly N enriched water include other 
horticulture permanent plantings such as olives and almonds, and cereal crops such as 
lucerne, all of which appear to have a much higher tolerance to excessive N.  
ͶǤͷ 
Both study sites display background water quality characteristics consistent with ‘slightly 
to moderately disturbed’ aquatic ecosystems, and nutrient processing functions can be 
reasonably assumed to respond in a predictable manner when stressed by increased nutrient 
loadings from open-water, cage culture IAAS production of Murray cod fed a high energy 
extruded pellet diet.  
The predictability of nutrient processing functions under these conditions is able to be 
quantified on the basis of indicative estimates of N and P outputs using a simplified 
nutrient mass balance model, such as the IAAS-nutrient model developed in the present 
study. Under various management scenarios incorporating both actual data for some 
parameters and assumed or otherwise ‘synthetic’ data for other parameters, model outputs 
indicate that commercial scale fish production is feasible within specified aquatic 
ecosystem functions, and aquaculture and irrigation management limitations. These 
outputs also identify potential fertiliser offsets which indicate potential costs savings 
against existing management regimes, and also indicative fish production limits above 
which excessive nutrient levels become risks to irrigation management. 
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These conclusions are considered adequate to facilitate pilot, commercial-scale trials of 
open-water, cage culture IAAS production of Murray cod in the Sunraysia Irrigation 
Region of north-western Victoria. Further consideration of IAAS design, performance and 
productivity, and associated product quality and water quality impacts, is required in both a 
technical and economic context before explicit management recommendations can be 
made to facilitate full commercialisation.  
With > 54,000 ha available for irrigated horticulture production by private diverters in the 
SIR (SunRISE21, 2010), and with a Bulk Water Entitlement for irrigation of >400,000-
500,000 ML per annum (LMW, 2010, 2011), there is considerable economic potential for 
diversification of this agricultural sector to incorporate IAAS production of finfish such as 
Murray cod. More specifically, with 100% allocation of irrigation water entitlements in 
2010-11 (not all of which was utilised), > 1,000 private irrigation diversions totalled > 
260,000 ML to >41,000 ha (LMW, 2011). Private diversions for new irrigation 
developments in the SIR provide the resource base for adding value and sustainability to 
agricultural water through adopting a sustainable, multi-use, IAAS approach to fish 
production (Gooley et al., 2007) 
.
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The Victorian Open Water Murray Cod Aquaculture Industry Development Plan (DPI, 
2009) describes the potential economic benefits to existing farmers in the Sunraysia 
Irrigation Region (SIR) of north-western Victoria from diversification into open-water 
farming of Murray cod. The proposed strategy is to adopt and expand existing pilot-scale, 
semi-intensive Integrated Agri-Aquaculture Systems (IAAS) to achieve a targeted annual 
harvest of 1000 tonnes of product for domestic and export markets by 2019/20. The 
strategy refers to the broader economic and environmental benefits from multiple use of 
irrigation water from such IAAS application (Rawlinson and Dalton, 2003; Gooley and 
Gavine, 2003d), specifically in large-scale (> 50 ML capacity) private storage reservoirs 
being constructed as part of new irrigation developments in the region. To achieve this 
target, the strategy identifies the need for improved production capacity, including the need 
for investigating economic feasibility to address multiple production risks, but provides no 
benchmark data to enable farm or industry-scale financial planning and or financial 
performance monitoring and management (DPI, 2009). 
As described in Chapter 1, the economics of Murray cod aquaculture has previously been 
reported by Weston et al. (2001), Rawlinson (2004)and more recently by De Ionno et al. 
(2006) for tank-based, controlled environment, recirculation aquaculture systems (RAS) at 
varying scale, intensity and market conditions. Of particular relevance to the present study, 
Weston et al. (2001) concluded that economic viability was marginal under hypothetical 
(virtual) model conditions at 30 tonnes annual production capacity and was sensitive to a 
combination of key input and output costs, but had potential to be enhanced through 
integration of aquaculture and agriculture systems. Utilising an alternative but otherwise 
similar virtual modelling approach, Rawlinson (2004) emphasises the production and 
associated economic benefits resulting from greater management controls under RAS 
conditions, but also concludes that economic viability is sensitive to key variables 
including production scale, growth and survival rates and market attributes. Economies of 
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scale resulted in reduced production costs (12%) and increased profit margins (40%) when 
increasing from 25 tonne per annum annual production to 100 tonnes. Potential for further 
enhancing economic viability is also identified by (Rawlinson, 2004), including various 
technical, husbandry, nutritional and biological (genetic) improvements, as well potential 
benefits from adopting IAAS. (De Ionno et al., 2006) undertook a bio-economic evaluation 
of intensive Murray cod grow-out in commercial RAS at 20, 50 and 100 tonne per annum 
production scales utilising and extrapolating actual production data from a 20 tonne per 
annum RAS over a three year study period. The comparative analysis concluded only the 
largest production system was economically viable across all key financial indicators, with 
greatest sensitivity to improving profitability being exhibited by scale and capital cost of 
production and market attributes. 
ͻǤͷǤͷ 
As described in more detail in Chapter 2, pilot-scale Murray cod production trials were 
undertaken over a full, >2 year commercial production cycle under semi-intensive, open-
water IAAS conditions at Red Cliffs in north-western Victoria during the period 2005-07 
to identify preliminary culture system design, environmental, husbandry (including health 
and nutritional management), productivity (growth and survival) and market performance 
criteria and specifications.  
These benchmark data provide the basis in the present study for an analysis of the 
economic feasibility of such production using standardised indicators, with emphasis on 
cost-benefit and associated sensitivity analysis of varying simulated (virtual) scales of 
production (extrapolated up from actual trial production data) and other key ‘better 
management practice’ (BMP) attributes.  
The purpose is to provide indicative economic guidelines designed to assist investment 
decisions of proponents with relevant commercial interests, in particular to determine best 
operating conditions for a specified production system design. It is expected that such data 
will provide a quantitative baseline for a tentative framework within which actual 
economic performance of individual farming systems and practices, and industry 
development, innovation and continuous improvement more broadly, may be evaluated 
over time.  
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The location of case study sites and details of IAAS-based, open-water Murray cod 
production systems from which relevant data were collected and incorporated into the 
bioeconomic model in the present study are described in Chapter 2.  
ͻǤ͸Ǥ͸ 
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For the purposes of the present study, a virtual and stylised, otherwise ‘generic’ production 
system was developed based on a modular, floating cage design which can be assumed to 
effectively mimic the production characteristics and efficiency of the open-water 
production systems trialled at Red Cliffs during the period 2005-07 (and from which actual 
growth and survival data were utilised to generate projected biomass outputs).  
Such a stylised and modular system readily enabled scaling of production costs and outputs 
subject to designated virtual production scenarios, including varying degrees of ‘Better 
Management Practices’ (BMPs) expected as technical innovation and operator experience 
enhance productivity gains over time. It is felt that use of a generic production system is 
also appropriate for this study as none of the actual trial production systems is 
commercially available in application-ready configuration, although it is reasonable to 
assume that the fundamental design principles of the generic system are largely consistent 
with most relevant commercially-available cage culture systems (local and imported) 
suitable for open-water farming applications in Australia. Having said that, it is 
acknowledged that proprietary-protected, application-ready production systems, which are 
technically more advanced than the generic design utilised in the present study, are already 
commercially available in the Australian market place. 
ͻǤ͸Ǥ͹ 
In the context of primary industries, a bio-economic model is defined by (Cacho, 1997) as 
consisting of a biological model which describes the production system and an economic 
model which relates the production system to market prices and resource constraints. An 
alternative definition by (Allen et al., 1984) refers to the use of mathematical techniques to 
model performance of (integrated) production systems subject to economic, biological and 
technical constraints. Bioeconomic models can be used to assist investors (producers and 
associated decision-makers) in identifying optimal production system designs and 
operation management approaches (Pomeroy et al., 2008). 
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A bioeconomic model was developed for the present study following methods variously 
described (Gooley et al., 2001b; Rawlinson and Dalton, 2003; Gooley and McKinnon, 
2004; Rawlinson, 2004). Consistent with specifications of a general framework for a ‘fish-
farm’ model described by Cacho (1997), this model consists of two, coupled (submodel) 
components, each incorporating relevant input and output variables: 
• a deterministic biological component based on fish growth and survival data 
extrapolated in part from actual trial data, designed to estimate biomass yield for 
specified production systems over time under varying production regimes, and 
• an economic component based on estimated capital and operating expenditure 
validated against industry benchmarks and associated revenue designed to estimate 
economic viability for specified production systems over time under varying 
market regimes. 
By coupling the two components, with outputs of the biological component used as inputs 
to the economic component, an economic and associated sensitivity analysis of key 
variables is undertaken of hypothetical scenarios based on combined production and 
market regimes; thereby estimating overall economic feasibility of the IAAS-based system 
under investigation.  
ͻǤ͸Ǥͺ 
This component of the model is temperature and size sensitive for fish growth and survival 
respectively, and is based on actual growth and associated environmental data, collected as 
part of production trials at the study sites at Red Cliffs in north-western Victoria during the 
period 2005-07. Due to the high variability of actual survival data from these same trials, 
synthetic survival data from (Ingram, 2004) was used for this component of the model, and 
economic sensitivity to varying survival rates linked as part of ‘Better Management 
Practice’ (BMP) scenarios was estimated. 


Growth curves (rate of weight increase over time) were generated using the thermal unit 
growth coefficient (TUGC) according to (Ingram, 2004) calculated from raw Murray cod 
growth data collected during the previously described trials. The TUGC formula is defined 
as: 
TUGC = 
Time (days) x Temperature (oC) 
Final wt (g)0.333 - Initial wt (g)0.333
 x 100 
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TUGC values are grouped according to fish size (mean value of final weight and initial 
weight) and temperature (mean temperature recorded for the time between measurement of 
final weight and initial weight) as per Appendix 8.
Water temperature is based on mean monthly water temperature, derived from actual raw 
data collected during growth trials at all three sites during the period 2005-07. The median, 
20th percentile and 80th percentile TUGC, which are calculated for each weight and 
temperature grouping combination, are used to generate three growth curves within the 
model. The 20th and 80th percentiles are used to calculate the lower and upper growth 
curves, respectively. In the current model, it is assumed that the growth of the fish is not 
limited by either food resource or stocking density, and that these two variables are 
actively managed to optimise growth.  

Synthetic survival rates for each weight grouping used in the model for the present study 
are based on data presented in (Ingram, 2004) (Appendix 9) and are adjusted according to 
median fish size (median growth curve). Based on the specified survival rates for each 
weight class, the number of mortalities is estimated and deducted from the number of fish 
alive in the water daily. A daily estimate of standing crop (biomass of live fish in the 
water) is adjusted in the model accordingly. 
	
Feed rates in the model (dry weight of food provided to fish as % of estimated live fish 
biomass in the water) reflect those utilised during the trials in the present study for 
different fish size and water temperature groupings. The model adjusts feed rates under 
different production and temperature scenarios according to median fish size (median 
growth curve) and water temperature as described by Ingram (2004) (Appendix 10). 
This step estimates the amount of food consumed by the biomass of live fish in the water 
on a daily basis. For the purposes of this study, food conversion ratio (FCR), specified as 
the ratio of net (dry) weight of food offered to net (wet) weight of increase in fish biomass 
over time, is a variable which can be adjusted within the model for specific size classes of 
fish to reflect varying ‘best management practice’ (BMP) scenarios. 

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	
According to the model, fish are harvested when the upper (80th percentile) growth curve 
reaches the minimum harvest weight, as specified for each production and marketing 
scenario being assessed, and ceases when the lower (20th percentile) growth curves reaches 
the same weight specification. The size range of fish within the population is assumed to 
be normally distributed between the lower (20th percentile) and upper (80th percentile) 
growth curves. The model also assumes that all suitably-sized fish estimated to be alive in 
the water are harvested at the same time. The model therefore assumes that most fish are 
harvested during the middle of the estimated harvesting period and few fish are harvested 
at the extremes of the same period. The number of fish harvested each day is determined 
after the daily number of mortalities is estimated and deducted from the number of fish 
alive in the water (to estimate total live fish biomass in the water). 
ͻǤ͸Ǥͻ 
This component utilises outputs from the biological component of the model to estimate 
standardised economic feasibility indicators (Allen et al., 1984; Jolly and Clonts, 1993; 
Anthony and Gibbins, 1996; Peirson et al., 1997; Tisdell, 2012), including: 
• Production costs and gross profit (before tax and after interest): 
Production cost is calculated as the rate of recurrent (operating) costs per kg of fish 
harvested and sold per annum averaged over ten years. Gross Profit is calculated by 
subtracting all of the recurrent (operating) expenses, including interest and depreciation 
from revenue.  
• Net Present Value (NPV): 
Net Present Value (NPV) is calculated by using a discount rate of 10% (consistent with 
(Associates, 1999) for Australian agribusiness) and the series of income figures from the 
10-year model. The NPV investment begins one period before the date of the year 1 (i.e. 
year 0) cash flow value and ends with the last cash flow value in the list (i.e. year 10). The 
NPV calculation is based on future cash flows and uses the following formula: 
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where t is the amount of time (ten years) that cash has been invested in the project, N the 
total length of the project (ten years), i the weighted average cost of capital (10%) and C
the cash flow for each year. 
• Internal Rate of Return (IRR): 
The internal rate of return is the interest rate received for an investment consisting of 
payments and income that occur at regular periods. It is defined to be the discount rate that 
makes the net present value of those cash flows equal to zero. The formula to calculate 
IRR is provided by MS Excel within the relevant spreadsheet. 
• Profit Margin (PM) 
Profit Margin (PM) is the percentage rate calculated by dividing the net income by the total 
revenue. It measures how much out of every dollar of sales a company actually keeps. 
• Payback (break-even) period: 
Number of years over which the business must operate to recoup capital costs in order to 
break-even on initial capital investment. 
Capital expenditure (Capex), Operating expenditure (Opex) and Revenue are the key 
economic (input) components used for the model to determine the economic feasibility 
(output) indicators.  

In the present study, headline Capex items are classified as: 
• fish production system 
• support infrastructure 
• plant and equipment, and 
• miscellaneous other goods and services  
Unless otherwise stated, Capex estimates are based on commercial, industry-standard, 
market-based pricing valid in Australia (and where appropriate internationally for relevant 
imported goods and services) at the time of the present study (circa 2012-13). Given the 
generic nature of this analysis (effectively for a virtual production system), nominal price 
estimates only are provided for Capex items where pricing is likely to be influenced by site 
specific conditions and associated requirements.   
C h a p t e r  5  |  B i o - E c o n o m i c  A p p r a i s a l |  172  
Consistent with the approach of Rawlinson and Dalton (2003), there is no capital 
expenditure allocated for purchase of land or major irrigation infrastructure on the basis 
that these items are provided at no cost to an IAAS-based fish production enterprise i.e. 
such costs are internalised within the existing irrigated agriculture enterprise. 
Fish production system 
Standardised cage culture units in the generic system measure 4.5 x 4.5m x 2.0m 
(operational) depth (overall production capacity 40.5m3), and are fitted with integral 
floatation collars and walkways from which interchangeable poly net-bags are fitted. Two 
net-bag mesh sizes (small and large) are utilised for the full production cycle to 
accommodate different-sized (stockers to market-ready) fish, on the basis that for every 
four large-mesh (lower-priced) bags, one small-mesh (higher-priced) bag is required, 
noting that fewer cages are required initially in the production cycle due to the relatively 
small size and overall biomass of the stockers. Provision is also allowed for net-bag 
maintenance to account for fouling and damage, through provision of one spare large mesh 
and one spare small mesh net-bag for every ten production net bags of both sizes.  
The number of cage units required for each scenario is determined by the maximum 
‘standing crop’ of live fish biomass in the water at any one time during the production 
cycle, as estimated by the biological component of the model. This ensures that there are 
sufficient cages available at any one time in the production cycle to accommodate all fish 
at the specified stocking density and allowing for specified growth and survival, prior to 
the commencement of any harvesting.  
Cages are fitted with safety rails, anti-predator netting and access pontoon, and 
construction and installation costs for all components are included on a proportional basis 
in the unit price of each cage. Safety rails are a regulatory requirement for Occupational 
Health and Safety purposes to safeguard personnel servicing the fish production system, 
and the floating pontoon provides both pedestrian and four-wheel ATV access to the 
system which is both secure and functional. Anti-predator netting adjacent to and above the 
cage-based fish production system reduces losses of feed and fish from nuisance birds and 
other free-range fish that may be co-habitant in the irrigation storage reservoirs.  
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Plant and equipment, support infrastructure and other items 
Plant and equipment and associated support infrastructure consists of the major ‘off-the-
shelf’ Capex items required to fit-out the fish production system to the standard of a 
technically functional, reliable and productive, commercial fish farming enterprise.  
Supplementary aeration for both routine and emergency purposes, together with auxiliary 
power facilities, ensures that near optimal dissolved oxygen (DO) levels can be maintained 
at all times. A reticulated aeration system supplied by three-phase high-volume/low-
pressure air blowers running during peak oxygen demand periods is the basis of the main 
supply, with adjacent floating paddlewheel aerators utilised for supplementary and/or 
emergency purposes. Facility is also provided for bottled oxygen delivered through 
diffusers on a needs basis such as during grading and transfers, fish health treatments etc.  
Whereas irrigation demand and associated throughput of water in the reservoirs has a 
major bearing on maintenance of suitable water quality for fish production, including DO 
concentrations, supplementary aeration (supported by auxiliary power) is required to 
account for various contingencies.  Indeed, for most of the time, DO is at saturation level 
in surface waters of the irrigation storage reservoirs under ambient conditions i.e. without 
supplementary aeration. However, DO concentrations also fluctuate diurnally under 
ambient conditions, with lowest levels experienced at night, usually immediately before 
sunrise. Oxygen demand by fish also peaks during peak feeding activity associated with 
regulated feeding events. Background DO concentration in the storage reservoirs is also 
influenced by overall nutrient and associated biological loading in the system from other 
resident biota including plankton and bacteria, and optimal conditions assume that 
biological loading is being actively managed as part of the overall irrigated farming 
system.  
Automated feeding systems are necessary to reduce labour costs, facilitate delivery of 
more optimal feeding strategies based on specified daily feeding frequency and ration (and 
thereby optimising FCRs and associated fish growth and dress-out weight, survival and 
overall productivity), and to minimise feed wastage and associated nutrient-rich effluent 
loading (and thereby enhancing dissolved oxygen concentrations and overall water quality) 
in the irrigation storage reservoirs. 
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Other plant and equipment listed are typically required for normal fish farming systems to 
ensure that power is available, water quality can be monitored and managed where 
appropriate, fish can be handled as part of routine husbandry and harvesting practices, 
accommodation is available for administration, operations and storage, computing and 
communication facilities and transport is available for personnel, fish and ancillary goods 
and services.  
Miscellaneous other Capex items consist of support infrastructure, plant and equipment 
and ancillary items for planning, site preparation, security and access to utilities, including 
three phase mains power, the final specifications of which are likely to be site specific and 
therefore based on nominal cost estimates only.  
A summary of all allocated Capex costs (estimated local market value at time of the study 
circa 2012-13) is provided in Appendix 11.  

In the present study, headline Opex items are classified as: 
• Fish (seed stock) 
• Fish food 
• Labour, training and OH&S 
• Processing, packaging and freight 
• Fuel, utilities and other consumables 
• Interest on loans and depreciation of Capex 
• Administration, marketing, licenses, fees and insurance 
As for Capex (and unless otherwise stated), Opex estimates are based on commercial, 
industry-standard, market-based pricing valid in Australia (and where appropriate 
internationally for relevant imported goods and services) at the time of the present study 
(circa 2012-13).  
The estimated cost of juvenile seed stock (stockers) is determined by the need to have 
minimum sized fish (100-150g live wet weight) in the water in sufficient time (designated 
stocking month is October for the present study) to allow for grow-out to minimum 
commercial harvest size (1.0 kg live wet weight) within 12 months and to maximum 
commercial harvest size (1.5kg live wet weight) within 24 months. Such a production 
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cycle ensures that the production system only needs to accommodate a maximum of two 
‘year classes’ of stockers and associated larger size cohorts at any one time. The biological 
component of the model estimates the maximum biomass of live fish in the water at any 
one time for each production cycle, thereby determining the maximum cage carrying 
capacity required (see Capex) within the system for any specified total annual (harvested) 
production or yield after the first year.  
In the present study it is assumed that stockers are purchased from the commercial 
hatchery-nursery sector equipped with specialised controlled-environment, recirculation 
aquaculture systems (RAS) to allow for year-round intensive production of ‘young-of-the-
year’ progeny from natural spawnings during spring-summer in south-eastern Australia. 
Whereas larger stockers achieve commercial harvest size more quickly and at a higher 
survival rate, they are presently somewhat limited by natural seasonality of production for 
purposes of reliable, cost-effective mass production of post-larval, fry and fingerling 
seedstock. They are typically available as ‘yearlings’ in spring each year as ‘advanced 
stockers’ ≥100g live wet weight. Larger stockers take longer to produce and also come at a 
price premium when first introduced into the system. For the present study, 1 October is 
the specified stocking date for ‘small’ stockers (100g), 15 October for ‘medium’ stockers 
(125g) and 30 October for ‘large’ stockers, to enable some determination of optimal 
stocker size and cost and date of stocking for grow-out purposes. The specified total 
number and associated cost for stockers is determined by multipliers based on projected 
maximum annual yield of the production system and maximum stocking density within the 
system at any one time, each of which is also influenced by projected growth and survival 
rates and harvest strategies determined by the relevant components of the model. 
Two market rates are specified in the model for fish food, based on commercially 
available, high energy extruded pellets of a nutritional profile suited to semi-intensive 
production of Murray cod, with a higher rate specified for smaller sized pellets suited to 
feeding of stockers during the initial period of acclimation to the ‘open-water’ production 
system. Final food costs are influenced by specified growth and survival rates and FCRs); 
the latter two parameters of which are influenced in turn by application of relevant BMP 
standards and associated levels of risk imposed on the system (see Section 5.2.6 for 
details).  
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The ‘multipliers’ for requisite labour to operate the production system in the present study 
are nominally based on industry standards, assuming that at least the ‘farm manager’ is 
appropriately qualified and/or experienced in semi-intensive aquaculture operations and 
with some familiarity with grow-out production of Murray cod specifically. Other 
personnel are assumed to be experienced farm assistants with some expertise and/or basic 
knowledge of animal husbandry. Training and OH&S cost estimates are based on nominal, 
industry standard multipliers linked to total labour costs. 
Processing, packaging and freight are estimated on a nominal, flat, industry standard unit 
price per kg of total annual production (as harvested, whole, wet weight biomass). 
Fuel and utilities (mains power) are nominal estimates of average monthly cost linked to 
multipliers based on 50 tonne ‘units of total annual production’ (i.e. harvested yield), 
primarily for purposes of general vehicle use and for routine operation of supplementary 
aeration (i.e. air blowers and paddlewheels) within the production system. Other 
consumables and services include nominal costs for routine repairs and maintenance, liquid 
oxygen (bulk stored on-site) and agri-chemicals for fish health management purposes 
(subject to state government approved protocols, e.g. salt, hydrogen peroxide, formalin and 
relevant anaesthetics). 
It is assumed in the present study that all Capex funds are provided as a commercial loan at 
nominal market-based interest rates, and that loan repayments are made on an annualised, 
interest-only basis. Whereas depreciation on Capex is typically item specific, with some 
items depreciating at a faster rate than others in practice, for the purposes of the present 
study the economic component of the cost-benefit model factors in depreciation on a net 
(75% discount) basis across the total Capex value of the production system averaged 
annually over the designated ten year financial projection period. Such an arrangement 
therefore also provides for a net (25%) residual capital value for the production system at 
the end of the designated ten year period. It is assumed that nominal investment in routine 
maintenance of relevant Capex-funded assets (see Operating Expenditure) would prolong 
operational life and thereby offset further Capex should the business wish to re-invest for a 
further period of production beyond the initial ten years projected by the model. 
Alternatively, the residual Capex value could be realised by the proprietor through sale of 
relevant items on the open market. 
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Administration and marketing costs are estimated at nominal rates linked directly to 
estimated labour costs and revenue (from sale of fish) for the former and to revenue only 
for the latter on the assumption that labour costs are directly proportional to administrative 
costs, and that increased sales revenue dictates the need for increased marketing and 
associated market-driven demand. Licenses, permits and associated ‘business fees and 
costs’ imposed by local and state government as appropriate and for general insurance (i.e. 
not including fish stock), are nominal only and assumed to be renewed on an annual basis.  
A summary of all allocated Opex costs (estimated local market value at time of the study 
circa 2012-13) is provided in Appendix 12. 

Revenue projections for the economic component of the model are based on wholesale 
(‘farm-gate’) per kg unit pricing of whole, live, fresh fish as harvested (wet weight) 
biomass direct from the production system, independent of subsequent processing 
requirements (e.g. whole fish, dead or alive c.f. ‘head-on, gilled and gutted’ or filleted) or 
final (domestic or export) market destination within the retail food services sector. 
Accordingly, all processing costs and associated ‘value-added’ market price adjustments 
are assumed to occur subsequently to such farm-gate sales, and economic impacts are 
therefore not included in this analysis. A price premium is however factored in for larger 
fish at the point of harvest (see Section 2.6) on the assumption that larger fish potentially 
have a higher meat yield (ratio of edible meat to residual carcass, including the skeletal 
frame, head and offal) and therefore provide additional value-adding options such as 
filleting and portion control for marketing purposes, compared with smaller fish.  
ͻǤ͸Ǥͼ 
Sensitivity of the standardised economic feasibility indicators to selected production and 
market-based risks was analysed for a range of combined production, management and 
market scenarios indicative of current industry and market standards, circumstances and 
associated variability. Each scenario tested was further specified by pre-determined and 
logically-linked, biological and economic input and output parameters. 
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The overall scale of production, as determined by the annual yield of market-sized fish 
harvested and sold, was set at three levels (small, medium, large) indicative of current 
industry standards, viz: 
• 50 tonnes per annum 
• 100 tonnes per annum 
• 200 tonnes per annum 
Stocker size (at which intensively reared juveniles are first introduced into the production 
system) was set at three levels (small, medium, large), viz: 
• 100g 
• 125g 
• 150g 
Harvest size (at which fish were removed from the system for market sale) was set at three 
levels (small, medium and large), viz: 
• 1.0kg 
• 1.2kg 
• 1.4kg 
In the present study, specified BMP/Risk scenarios are collectively indicative of: 
• the level of experience, sophistication, quality and reliability of the overall 
standards of fish husbandry and health management applied 
• production system operation and maintenance (including associated irrigation 
regimes), and 
• extraneous influences such as uncontrollable fish disease epidemic, prevailing 
weather and associated ambient water quality and temperature (e.g. unseasonably 
extreme cold weather), fish theft or escapism from vandalism etc 
For sensitivity analysis, these scenarios are nominally set at three (worst, medium, best 
case) levels, viz: 
• BMP #1 (worst case risk) 
o High FCR (2.5), low survival, low stocking density (20kg/m3) 
o High, extraordinary, pre-harvest stock losses (20%)
• BMP #2 (medium case risk) 
o Medium FCR (2.0), medium survival, medium stocking density (30kg/m3) 
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o Medium, extraordinary, pre-harvest stock losses (10%) 
• BMP #3 (best case risk) 
o Low FCR (1.5), high survival, high stocking density (40kg/m3) 
o Low, extraordinary, pre-harvest stock losses (5%) 
Specified FCRs (2.5, 2.0 and 1.5) are fixed across all size classes throughout the 
production cycle, and are conservatively indicative of worst, medium and best case results 
for all size classes from field trials in the present study and from industry standards in 
general, on the assumption that under improved BMP conditions, FCRs are typically more 
efficient and cost-effective. In practice, FCRs also typically become more efficient (≤ 1.5) 
as fish get larger.  
Survival rates (low, medium, high) vary for relevant BMP scenarios subject to specified 
size cohorts, from stockers (100-150g) incorporating the available specified (small, 
medium and large) size classes, through nominal intermediary size classes up to final 
harvest-sized fish (150-250, 250-500, 500-1000 and 1000-2000g) over the maximum 
specified two-year production cycle for each batch of stockers.  Survival rates for stockers 
(100-150g) in turn also vary according to specified stocker size (100, 125 and 150g). For 
the purposes of this study it is assumed that larger stocker size cohorts achieve 
proportionately higher initial and sustained survival rates through the production cycle, and 
that these survival rates are further increased subject to enhanced BMP scenarios. The 
relevant survival rates for combinations of size cohorts and BMPs for the present study are 
presented in Appendix 13. 
Specified stocking densities (20, 30 and 40 kg/m3) are the maximum density at which the 
production systems operate at any one time (as determined by the growth rate projections 
of the biological component of the model), typically just prior to harvest of the maximum 
number of fish in the largest size class during any one production cycle. Specified stocking 
densities also therefore determine the maximum number of cages and associated net bags 
required during any one production cycle on the assumption that this same number of 
cages is only fully occupied for a limited period of time (i.e. immediately prior to 
commencement of harvest of market sized fish). As for FCRs, stocking densities are also 
considered conservatively indicative of worst, medium and best case results for the largest 
fish size classes from field trials in the present study and from industry standards in 
general, on the assumption that under improved BMP conditions, higher, more efficient 
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and cost-effective stocking densities can be achieved. In practice, much higher stocking 
densities (≥40kg/m3) can be achieved as fish get larger. 
Specified stock losses at three nominal levels (5, 10 and 20% of harvest-sized fish) to 
represent risk from relatively uncontrollable, extraneous influences on the production 
system in the form of hypothetical, ‘one-off’ extraordinary mortality events immediately 
prior to commencement of harvest.  In practice, such catastrophic stock losses may occur at 
any time throughout the production cycle, and are otherwise therefore difficult to model. 
For the purposes of the present study it is assumed they occur at a point where all costs for 
the dead fish have been incurred for production up to market size, but for which no 
revenue is achieved (and thereby ensuring maximum economic impact). The model also 
assumes that such risk scenarios are linked to BMP scenarios in such a way that the 
impacts of extraneous influences on fish survival (and associated catastrophic stock losses) 
are mitigated to some extent by the application of enhanced BMPs. 
Market price scenarios include the two major ‘input’(purchase of stockers) and ‘output’ 
(sale of market-sized fish) prices (latter including a nominal price premium of $2.50/kg for 
all harvested size classes ≥ 1.0kg), and were set at three combination levels, viz: 
• Market #1 (worst case) – High stocker price (see Opex for details) , low farm-gate 
price ($17.50/kg) 
• Market #2 (medium case) – Medium stocker price (see Opex for details), medium 
farm-gate price ($20.00/kg) 
• Market #3 (best case) – Low stocker price (see Opex for details), high farm-gate 
price ($22.50/kg) 
Specified prices for both intensively-reared stockers and harvested, market (plate)-sized 
fish are somewhat speculative give the lack of substantive market data for relevant 
products at the time of the present study. The farm-gate prices are however indicative of 
the nominal range of market prices for open-water, farmed, plate-size fish based on results 
from field and associated marketing trials in the present study, and from more recent 
industry experience in general (noting also the beneficial impacts of recent industry-related 
domestic marketing and market development activity). The specified stocker prices are 
likewise based partly on limited market data at the time of the study, and partly on a 
combination of previous experience (unpublished data) and informed industry speculation.  
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The linking of specified stocker and farm-gate prices for each of the specified market price 
scenarios in the present study is purely arbitrary. Its primary purpose is to emphasise 
potentially extreme (best and worst) case impacts on overall economic feasibility of the 
virtual production system under the influence of various combinations of key biological 
and economic conditions characterising varying scales of production and associated 
BMP/risk scenarios.  
ͷǤʹǤ͹ 
Statistical analyses of an unbalanced design (GenStat regression), where a particular 
production system is the unit of analysis, were undertaken to determine correlation 
between the key economic indicators, IRR, NPV and PM, with other relevant model 
variables. To reduce the skewness and stabilise the variance of residuals, IRR was 
logarithmically transformed and NPV was square root transformed. Residuals versus fitted 
values plots were examined to identify any extreme outlying value. For each outcome 
variable, a parsimonious model was developed based on Wald’s F-tests. The difference 
between predicted means was judged significant if its magnitude was greater than 2 times 
the average standard error. The selected parsimonious model for each outcome variable is 
given in Appendix 14. 
ͷǤ͵ 
Risk and sensitivity analysis results are provided in Appendix 15 for 50, 100 and 200 
tonnes per annum production systems linked to specified BMP and market risk scenarios, 
and subject to varying stocker and harvest size specifications. Relative economic viability 
for each production level, BMP/market risk and stocker/harvest size scenario is indicated 
by colour coding and determined according to the following criteria: 
• Red - non viable 
o indicators not applicable under specified input parameters 
• Yellow - low viability 
o NPV ≤ $0, IRR ≥ 0%, PM ≥ 0%, Payback Period mostly ≥ 10 yrs 
• Green - medium-high viability 
o NPV ≥ $0, IRR ≥ 10%, PM > 10%, Payback period < 10 yrs 
For the purposes of this study only medium-high viability scenarios are considered (Table 
5-1, Table 5-2, and Table 5-3), on the basis that: 
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• ‘non viable’ scenarios are based on non-applicable economic indicators resulting 
from model input limitations (i.e. one or more components of relevant production 
level, BMP/market risk and stocker/harvest size scenarios fall outside the defined 
functional range of the model and indicators cannot be estimated), and 
• ‘low viability’ scenarios are based on economic indicators which are below 
acceptable market-based thresholds for which prudent, risk managed investment 
would be considered. 
Non viable and low viability systems are: 
• more likely for 50 tonne production systems, and less likely for 200 tonne systems,  
• more likely for BMP #1/Market #1 scenarios, and less likely for BMP #3/Market 
#3 scenarios, and 
• more likely for smaller stocker/harvest size combinations, and less likely for larger 
stocker/harvest size combinations, noting however that model indicators for all 
production system and BMP/Market scenarios in which fish are stocked at 100g 
and harvested at 1.4kg cannot be estimated (and therefore deemed non viable) as 
the specified model growth rates are not able to produce fish of the requisite size 
within the specified model (two year maximum) production period. 
It follows that medium-high viability systems are achieved more readily under scenarios 
with combinations of BMP #2-3/Market #2-3 and the larger 125-150g stocker/1.2-1.4kg 
harvest sizes. The range of scenarios under which medium-high viability systems are 
achieved also increases with increased annual production capacity from 50 to 200 tonnes.  
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Table 5-1. Summary of 50 T per annum production system model outputs for medium-high viability 
BMP/Market and stocker/harvest size scenarios. 
50 tonne system Max. Capex NPV IRR PM Payback Production Profit
BMP/Risk scenarios biomass period cost (pre-tax)
(tonnes) ($ ,000s) ($ ,000s)(%) (%) (yrs) $/kg ($/kg)
BMP #1/ Market #3
Stock @ 125g; harvest @ 1.2kg 49.2 654.2 27.1 10.5 15.2 8 20.62 2.98
Stock @ 125g; harvest @ 1.4kg 70.8 840.8 138.1 12.0 16.6 8 22.15 4.03
Stock @ 150g; harvest @ 1.0kg 39.1 567.7 213.3 15.2 12.3 7 18.76 2.93
Stock @ 150g; harvest @ 1.2kg 48.8 651.1 113.3 11.9 16.3 8 20.18 3.39
Stock @ 150g; harvest @ 1.4kg 68.4 819.5 281.9 14.0 18.4 7 21.43 4.71
BMP #2/ Market #2
Stock @ 125g; harvest @ 1.4kg 70.7 636.7 37.0 10.6 14.7 8 20.70 2.94
Stock @ 150g; harvest @ 1.4kg 68.2 622.4 139.7 12.4 16.2 7 20.17 3.43
BMP #2/ Market #3
Stock @ 125g; harvest @ 1.0kg 40.6 463.8 268.4 16.1 16.0 6 17.90 3.36
Stock @ 125g; harvest @ 1.2kg 48.9 511.5 428.0 18.0 19.5 6 19.00 4.60
Stock @ 125g; harvest @ 1.4kg 70.7 636.7 587.7 19.5 20.8 5 20.43 5.75
Stock @ 150g; harvest @ 1.0kg 38.8 453.7 542.3 24.9 16.2 5 17.46 4.23
Stock @ 150g; harvest @ 1.2kg 48.5 509.4 475.4 18.8 20.1 6 18.75 4.82
Stock @ 150g; harvest @ 1.4kg 68.2 622.4 681.6 21.0 22.0 5 19.95 6.19
BMP #3/ Market #2
Stock @ 125g; harvest @ 1.2kg 48.7 440.8 192.5 14.1 16.8 7 17.88 3.18
Stock @ 125g; harvest @ 1.4kg 70.6 535.1 374.1 17.0 18.5 6 19.27 4.36
Stock @ 150g; harvest @ 1.0kg 38.8 398.0 188.9 16.0 11.7 6 16.66 2.38
Stock @ 150g; harvest @ 1.2kg 48.4 439.2 210.5 14.5 17.0 7 17.78 3.26
Stock @ 150g; harvest @ 1.4kg 68.2 524.5 433.8 18.1 19.4 6 18.96 4.64
BMP #3/ Market #3
Stock @ 125g; harvest @ 1.0kg 40.1 403.7 573.5 23.7 20.0 5 16.58 4.68
Stock @ 125g; harvest @ 1.2kg 48.7 440.8 742.7 24.6 23.2 5 17.62 5.98
Stock @ 125g; harvest @ 1.4kg 70.6 535.1 920.7 26.0 24.2 4 19.03 7.15
Stock @ 150g; harvest @ 1.0kg 38.8 398.0 797.3 33.6 19.5 4 16.38 5.31
Stock @ 150g; harvest @ 1.2kg 48.4 439.2 756.8 24.9 23.3 5 17.55 6.02
Stock @ 150g; harvest @ 1.4kg 68.2 524.5 973.6 26.9 24.9 4 18.75 7.39
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Table 5-2. Summary of 100 T per annum production system model outputs for medium-high viability 
BMP/Market and stocker/harvest size scenarios. 
  
100 tonne system Max. Capex NPV IRR PM Payback Production Profit
BMP/Risk scenarios biomass period cost (pre-tax)
(tonnes) ($ ,000s) ($ ,000s)(%) (%) (yrs) $/kg ($/kg)
BMP #1/ Market #3
Stock @ 125g; harvest @ 1.0kg 82.5 941.6 186.8 12.1 13.4 8 18.75 2.51
Stock @ 125g; harvest @ 1.2kg 98.3 1077.4 474.1 14.4 17.1 7 19.89 3.71
Stock @ 125g; harvest @ 1.4kg 141.7 1450.7 696.1 15.4 18.3 6 21.41 4.76
Stock @ 150g; harvest @ 1.0kg 78.1 903.7 843.7 21.8 14.4 5 18.05 3.64
Stock @ 150g; harvest @ 1.2kg 97.7 1072.1 649.5 16.0 18.2 6 19.44 4.13
Stock @ 150g; harvest @ 1.4kg 136.8 1408.7 985.5 17.6 20.2 6 20.70 5.45
BMP #2/ Market #2
Stock @ 125g; harvest @ 1.2kg 97.7 791.6 165.7 11.9 14.7 8 18.55 2.51
Stock @ 125g; harvest @ 1.4kg 141.2 1041.5 490.9 14.7 16.6 7 19.97 3.66
Stock @ 150g; harvest @ 1.0kg 77.6 676.4 282.5 15.0 10.4 7 17.04 1.99
Stock @ 150g; harvest @ 1.2kg 97.1 788.4 277.0 13.1 15.5 7 18.26 2.78
Stock @ 150g; harvest @ 1.4kg 136.4 1013.7 699.3 16.7 18.1 6 19.44 4.16
BMP #2/ Market #3
Stock @ 100g; harvest @ 1.0kg 94.2 771.5 124.3 11.4 14.1 8 18.61 2.37
Stock @ 100g; harvest @ 1.2kg 143.9 1057.1 307.2 13.0 15.1 7 20.37 3.20
Stock @ 125g; harvest @ 1.0kg 81.2 697.0 959.2 22.4 18.1 5 17.18 4.08
Stock @ 125g; harvest @ 1.2kg 97.7 791.6 1272.5 23.2 21.4 5 18.27 5.33
Stock @ 125g; harvest @ 1.4kg 141.2 1041.5 1591.3 24.2 22.5 5 19.70 6.48
Stock @ 150g; harvest @ 1.0kg 77.6 676.4 1504.5 34.7 18.3 4 16.75 4.94
Stock @ 150g; harvest @ 1.2kg 97.1 788.4 1374.6 24.2 22.0 5 18.02 5.55
Stock @ 150g; harvest @ 1.4kg 136.4 1013.7 1783.0 25.9 23.7 5 19.22 6.93
BMP #3/Market #1
Stock @ 125g; harvest @ 1.4kg 141.3 839.2 74.7 10.9 13.6 8 18.79 2.30
Stock @ 150g; harvest @ 1.4kg 136.4 818.0 208.0 12.4 14.7 8 18.45 2.62
BMP #3/ Market #2
Stock @ 125g; harvest @ 1.0kg 80.1 576.0 393.9 15.9 14.4 7 16.18 2.51
Stock @ 125g; harvest @ 1.2kg 97.4 650.2 801.7 19.6 18.9 6 17.15 3.91
Stock @ 125g; harvest @ 1.4kg 141.3 839.2 1168.0 22.2 20.4 5 18.54 5.09
Stock @ 150g; harvest @ 1.0kg 77.6 565.0 797.8 25.3 14.1 5 15.94 3.09
Stock @ 150g; harvest @ 1.2kg 96.7 647.5 840.8 20.1 19.1 5 17.05 3.99
Stock @ 150g; harvest @ 1.4kg 136.4 818.0 1287.5 23.4 21.3 5 18.23 5.37
BMP #3/ Market #3
Stock @ 100g; harvest @ 1.0kg 93.5 633.6 830.6 20.0 18.9 6 17.05 3.94
Stock @ 100g; harvest @ 1.2kg 144.0 850.8 1060.8 21.1 19.5 5 18.76 4.81
Stock @ 125g; harvest @ 1.0kg 80.1 576.0 1563.6 31.7 22.1 4 15.87 5.39
Stock @ 125g; harvest @ 1.2kg 97.4 650.2 1901.0 31.1 25.1 4 16.89 6.71
Stock @ 125g; harvest @ 1.4kg 141.3 839.2 2261.4 31.9 25.9 4 18.29 7.89
Stock @ 150g; harvest @ 1.0kg 77.6 565.0 2014.3 46.8 21.6 3 15.67 6.02
Stock @ 150g; harvest @ 1.2kg 96.7 647.5 1933.5 31.5 25.2 4 16.82 6.75
Stock @ 150g; harvest @ 1.4kg 136.4 818.0 2367.0 33.0 26.6 4 18.02 8.13
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Table 5-3. Summary of 200 T per annum production system model outputs for medium-high viability 
BMP/Market and stocker/harvest size scenarios. 
  
200 tonne system Max. Capex NPV IRR PM Payback Production Profit
BMP/Risk scenarios biomass period cost (pre-tax)
(tonnes) ($ ,000s) ($ ,000s)(%) (%) (yrs) $/kg ($/kg)
BMP #1/ Market #2
Stock @ 150g; harvest @ 1.4kg 273.6 2586.4 212.7 10.9 15.1 8 20.57 3.03
BMP #1/ Market #3
Stock @ 125g; harvest @ 1.0kg 165.1 1652.2 793.4 14.8 14.4 7 18.39 2.87
Stock @ 125g; harvest @ 1.2kg 196.5 1923.1 1365.7 16.6 18.0 6 19.53 4.07
Stock @ 125g; harvest @ 1.4kg 283.3 2670.3 1812.1 17.3 19.2 6 21.05 5.13
Stock @ 150g; harvest @ 1.0kg 156.3 1576.5 2107.4 25.9 15.5 4 17.70 3.99
Stock @ 150g; harvest @ 1.2kg 195.3 1912.4 1715.8 18.3 19.2 6 19.08 4.49
Stock @ 150g; harvest @ 1.4kg 273.6 2586.4 2390.9 19.5 21.0 5 20.33 5.81
BMP #2/ Market #2
Stock @ 125g; harvest @ 1.2kg 195.4 1352.7 753.6 14.5 15.7 7 18.18 2.88
Stock @ 125g; harvest @ 1.4kg 282.6 1852.8 1404.7 17.1 17.6 6 19.60 4.03
Stock @ 150g; harvest @ 1.0kg 155.2 1121.8 984.9 19.6 11.6 6 16.68 2.35
Stock @ 150g; harvest @ 1.2kg 194.2 1345.9 973.9 15.8 16.5 6 17.89 3.14
Stock @ 150g; harvest @ 1.4kg 272.7 1796.5 1818.5 19.2 19.0 6 19.07 4.53
BMP #2/ Market #3
Stock @ 100g; harvest @ 1.0kg 188.4 1312.1 668.5 14.1 15.1 7 18.25 2.74
Stock @ 100g; harvest @ 1.2kg 288.0 1883.9 1036.5 15.3 16.1 7 20.00 3.57
Stock @ 125g; harvest @ 1.0kg 162.3 1162.6 2335.7 26.3 19.2 5 16.82 4.44
Stock @ 125g; harvest @ 1.2kg 195.4 1352.7 2968.3 26.4 22.4 5 17.90 5.70
Stock @ 125g; harvest @ 1.4kg 282.6 1852.8 3606.4 26.9 23.3 4 19.33 6.85
Stock @ 150g; harvest @ 1.0kg 155.2 1121.8 3429.0 41.4 19.4 3 16.39 5.30
Stock @ 150g; harvest @ 1.2kg 194.2 1345.9 3169.1 27.5 23.0 4 17.65 5.92
Stock @ 150g; harvest @ 1.4kg 272.7 1796.5 3986.0 28.7 24.5 4 18.85 7.29
BMP #3/Market #1
Stock @ 125g; harvest @ 1.4kg 282.6 1447.4 569.2 13.4 14.7 7 18.42 2.66
Stock @ 150g; harvest @ 1.4kg 272.7 1405.0 835.8 15.0 15.8 7 18.08 2.98
BMP #3/ Market #2
Stock @ 100g; harvest @ 1.2kg 288.0 1470.7 314.1 11.9 13.6 8 18.69 2.35
Stock @ 125g; harvest @ 1.0kg 160.3 921.0 1207.7 19.9 15.6 6 15.82 2.87
Stock @ 125g; harvest @ 1.2kg 194.7 1069.4 2023.3 23.0 19.9 5 16.79 4.27
Stock @ 125g; harvest @ 1.4kg 282.6 1447.4 2755.9 25.2 21.4 5 18.17 5.46
Stock @ 150g; harvest @ 1.0kg 155.2 899.0 2015.4 31.9 15.2 4 15.59 3.45
Stock @ 150g; harvest @ 1.2kg 193.5 1063.9 2101.4 23.5 20.1 5 16.69 4.35
Stock @ 150g; harvest @ 1.4kg 272.7 1405.0 2994.9 26.6 22.2 5 17.87 5.74
BMP #3/ Market #3
Stock @ 100g; harvest @ 1.0kg 187.0 1036.1 2081.0 23.5 19.9 5 16.68 4.31
Stock @ 100g; harvest @ 1.2kg 288.0 1470.7 2541.4 24.1 20.5 5 18.39 5.18
Stock @ 125g; harvest @ 1.0kg 160.3 921.0 3547.1 37.1 23.1 4 15.51 5.75
Stock @ 125g; harvest @ 1.2kg 194.7 1069.4 4221.9 35.3 26.1 4 16.53 7.07
Stock @ 125g; harvest @ 1.4kg 282.6 1447.4 4942.6 35.5 26.7 4 17.92 8.25
Stock @ 150g; harvest @ 1.0kg 155.2 899.0 4448.5 56.6 22.6 3 15.31 6.38
Stock @ 150g; harvest @ 1.2kg 193.5 1063.9 4286.9 35.7 26.2 4 16.45 7.12
Stock @ 150g; harvest @ 1.4kg 272.7 1405.0 5154.0 36.7 27.4 4 17.65 8.49
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Trends indicate that the highest measures of economic viability are achieved under BMP 
#3/Market #3 and 125-150g stocker/1.2-1.4kg harvest size scenarios, increasing from 50 
tonne (NPV > $740k, IRR > 24%, PM > 23%), to 100 tonne (NPV > $1,900k, IRR > 31%, 
PM > 25%) and 200 tonne systems (NPV > $4,200k, IRR > 35%, Pm > 26$), although 
economic viability for 200 tonne production under BMP #3/Market #2 and BMP 
#2/Market #3 scenarios is only marginally less than best case 100 tonne production and is 
higher than best case 50 tonne production under otherwise comparable scenarios. 
The correlation matrix predictably indicates that the selected parsimonious models for all 
outcome variables are strongly correlated to each other (Table 5-4).  
Table 5-4. Correlation matrix for selected parsimonious model outcome variables: IRR, NPV, PM 
 1 2 3 
1. IRR -   
2. NPV 0.7766 -  
3. PM 0.6791 0.6921 - 
All tested variables, including production system, BMP and market scenario, and stocking 
and harvest weight, were significant (F<0.05) in determining IRR, NPV, PM. Observed 
trends in correlation between these variables and harvest weight are depicted in Figure 5-1, 
Figure 5-2 and Figure 5-3.  All economic indicators were consistently low for minimum 
stocking size of 100g and harvest size at either 1kg or 1.2kg. Maximum IRR was achieved 
when fish were stocked at 150g and harvested at 1.0kg, and the difference in IRR between 
fish stocked at 125-150g fish when harvested at 1.2-1.4kg was much narrower compare to 
when harvested at 1.0kg weight (Figure 5-1). 
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Figure 5-1. Predicted values of Log (IRR) at specified stocking and harvest weights 
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Net present value was highest when fish were stocked at 150g and harvested at 1.4kg. The 
difference in NPV between fish stocked at 125-150g was significant when fish were 
harvested at 1.0kg or 1.40 kg, but not at 1.2 kg (Figure 5-2). Profit margin looked to have 
curvilinear relationship with harvest weight for fish stocked at 125-150g. When fish were 
harvested at 1.0kg, fish that were stocked at 125g resulted in a higher PM than other 
stocking sizes, however the highest PM was for fish that were stocked at 150g and 
harvested at 1.4 kg (Figure 5-3). 
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Figure 5-3. Predicted values of Profit Margin (PM) at specified stocking and harvest weights 
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In relation to the salmon farming industry, the largest intensive finfish aquaculture sector 
in the world, Pomeroy et al. (2008) conclude that bioeconomic modelling can provide 
answers to questions of economic feasibility, optimal system design and optimal methods 
of operations and regulatory policies where environmental externalities are a concern. 
Bioeconomic models cannot be directly extrapolated between species (Pomeroy et al., 
2008), or indeed systems, markets and locations. This is due to inevitably unique 
biological, environmental, technical and market input criteria. However, the conceptual 
approach and associated methodology to bioeconomic modelling in aquaculture is 
relatively generic across all potential applications, and model outputs in the form of 
standardised economic indicators are broadly comparable. In this context, the present study 
has developed a customised bioeconomic model utilising relatively standardised methods 
for purposes of a relatively unique application i.e. to analyse the economic feasibility of 
open-water Murray cod production within a new IAAS-based multi water-use conceptual 
framework.  
From the results of the present study, trends indicate that unit production costs increase 
with increasing stocker and harvest size under all production system tonnages and 
BMP/Market scenarios, largely due to the combination of increased fish survival driving 
up associated feed costs. Profit Margins proportionately increase also due to the 
combination of increased survival driving up harvested biomass and associated market sale 
revenue. Predictably, these increases are further compounded by overall economies of 
scale driving down Opex, particularly under enhanced, more economically viable 
BMP/Market scenarios. The latter is expected under BMP/Market scenarios in which fish 
survival rates are greater at all production stages due to improved husbandry, meaning 
increased revenue generated from increased total of harvested fish for proportionately 
reduced Opex. Likewise, revenue from enhanced market conditions is increased for the 
same total harvest of fish due to the higher market price. Capex increases proportionately 
with maximum biomass of fish in the water at any one time (with latter in turn increasing 
under enhanced BMP/Market and associated stocker/harvest size scenarios), primarily due 
to proportionate increase in cost of production infrastructure (cage collars, net bags, 
supplementary aeration, predator netting etc). There is no obvious trend linking Payback 
period to Capex due to the confounding effects of changes in Opex referred previously.  
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All key indicators (NPV, IRR and PM) typically increase with increasing scale of 
production from 50 to 200T per annum. Results from statistical analysis suggest that all 
production systems ranging from 50 to 200T per annum, based on the specified system 
design principles described in the present study, have potential to be economically viable, 
with outcomes typically enhanced at scenarios for BMP#2-3 and Market #2-3 
combinations for the larger stock (125-150g) and harvest (1.2-1.4kg) sizes. It is also 
apparent that IRR is highest on average for all scenarios when fish are stocked at 150g and 
harvested at 1.0kg. For IRR at least, this result likely reflects optimal use of Capex 
supported by relatively rapid throughput of fish within the production system i.e. minimum 
production period and associated Opex before generating revenue from market sales. Both 
NPV and PM tend to be highest however for production systems in which fish are stocked 
and harvested at the larger sizes, largely reflecting the increased absolute value of stock on 
hand and subsequent revenue generated, if not the most optimal Opex and return on Capex. 
Tisdell (2012) refers to unit costs of production varying with the overall scale of operation 
as general rule in aquaculture, with economies of scale reducing production costs up to 
some ‘optimal’ annual output after which costs increase. No such trend was apparent in the 
key economic indicators for the three nominal production levels (50-200 T per annum) 
analysed in the present study, suggesting that optimal scale of ‘efficient’ production may 
exceed 200T per annum.  
Where possible, economic feasibility analysis needs to be moderated by considerations of 
uncertainties and associated business risk to account for impacts relating to unforeseen 
input costs (e.g. labour, feed, maintenance, interest rates etc), market volatility and one-off 
catastrophic costs (e.g. from disease and/or extreme weather events, escaped fish, 
vandalism/theft etc). Sensitivity analysis for key model variables partly addresses 
economic uncertainty for selected variables to provide information on a possible range of 
modelled scenarios, but provides no measure of the probability of such scenarios 
occurring. Risk analysis using either subjective or objective probability distributions 
provide estimates of such probability, but accuracy of such estimates can be unreliable 
(Tisdell, 2012).  
Risk has been considered in the present study through sensitivity analysis of market pricing 
and BMP scenarios to provide a range of possible economic outcomes reflecting the 
potential range of scenarios. Results provide an indicative rather than instructive guide to 
potential investors to enable risks to be factored in to business plans at an initial business 
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development stage. In the absence of relevant ground-truthed data for open-water farming 
of Murray cod in north-western Victoria, meaningful probability distributions for risk are 
not available. In this context, risk and uncertainty reflected in relevant BMP and market 
scenarios and associated combinations, in turn reflecting actual or potential circumstances 
validated by pilot-scale commercial trials in the present study, are considered appropriate. 
In practice, catastrophic stock losses at any level, do not typically occur immediately prior 
to harvest when most Opex costs have been incurred (i.e. worst-case scenario), rather they 
are likely to occur at intermediate periods during the production cycle, thereby enabling 
impacts to be mitigated to some extent. Likewise, FCR, stocking density and survival are 
not entirely dependent variables as prescribed under the specified BMP scenarios. With 
reasonable management intervention, scope exist for husbandry improvements to offset 
some if not all risks associated with these variables e.g. change to alternative feeds and/or 
feeding practices/regimes to improve FCR, use of fish health treatments to reduce 
incidence of disease related mortalities and loss of growth, improved cage design, aeration 
systems and grading practices to increase stocking densities etc. Tisdell (2012) identifies 
several possible interventions for operators to adapt to uncertainty and thereby mitigate 
risk in aquaculture, including diversification of products and production techniques, 
flexibility in capital equipment and system design and allowing for experiential 
improvements in operations; the latter perhaps consistent with projected productivity and 
associated economic viability gains through enhanced BMP standards considered in the 
present study. Accordingly, to what extent such risk and uncertainty measures as 
incorporated in the sensitivity analysis in the present study are pragmatic is yet to be 
determined, with future industry experience the most relevant guide.  
A bio-economic analysis of virtual IAAS-based, intensive Murray cod production in small-
scale recirculation aquaculture systems (RAS) by Rawlinson (2004), concluded that IRR 
and PM ranging between 16.1-29.2% and 24.3-29% respectively could be achieved in 
production systems with capacity of 1-5 T per annum and market prices of $19/kg for 
harvested fish. In this instance, Opex was not fully costed as in the present study, relying 
on effective subsidies from the ‘principal farming activity’. The same study concluded that 
for fully costed, stand-alone RAS production, IRR ranging between 21.5-23.3% and PM 
between 25.4-30.0% could be achieved for larger scale production ranging between 25-100 
T per annum, again at a market price of $19/kg. Profitability estimates for other Australian 
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aquaculture sectors by (Weston et al., 2001) (using benefit-cost ratio) highlight economies 
of scale, with relevant indicators increasing with production levels. 
More recently, De Ionno et al. (2006) concluded that a 20 T per annum commercial 
Murray cod recirculation system was not economically viable, based on economic model 
estimates of negative cumulative cash flow and NPV, from three years of commercial 
production data. However, when these production data were used to underpin hypothetical, 
larger scale production systems, economies of scale increased cumulative cash flow and 
NPV. On this basis, a 50 T per annum production system was deemed marginally viable 
with an estimated NPV of -$167.6k, IRR of 11.75%and payback period of approximately 
6.7 yrs, and a 100 T per annum production system economically viable with an NPV of 
$522.2k, IRR of 21.03% and payback period of approximately 5.3yrs (De Ionno et al., 
2006). This study also concluded from sensitivity analysis that the greatest potential for 
increasing economic viability came from increasing productive capacity of the RAS, 
increasing sale price and decreasing capital costs (approx. $1.1m and $1.63m for 50 and 
100 T per annum systems respectively)(De Ionno et al., 2006). 
These results are broadly consistent with the present study in terms of scale of production, 
particularly at the scale of 100 T per annum (and associated Capex > $1-1.5m). However 
the results are not directly comparable due to fundamental differences in production system 
design, operation and associated assumptions relating to husbandry/production and 
associated Opex, market conditions and revenue. Indeed, both production systems (RAS 
and IAAS), subject to appropriate economies of scale, have potential to be economically 
viable for production of Murray cod, subject to prevailing circumstances for investors and 
operators. Where land, water and/or ambient climate are limiting, typically in areas close to 
preferred market destinations, consideration of the RAS approach is warranted (Rawlinson, 
2004). Conversely, for the IAAS approach, cost-effective access to suitable land, water and 
infrastructure, as well as a prevailing ambient climate conducive to suitable growth rates 
and associated production periods, is required (Gooley and Gavine, 2003a, 2003d).  
Rawlinson and Dalton (2003) using analysis of virtual Gross Margin (GM; gross income 
derived from an enterprise minus the variable costs; latter dependent on output or size of 
production) per ML of water used, determined that small-scale IAAS production of Murray 
cod under ‘optimal conditions’ (zero risk) could achieve IRR of up to 16% with a GM of 
up to $9,000/ML in a 25 T per annum RAS, and IRR of up to 14% but with a GM of only 
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$213/ML in a 5ha pond/floating cage (effectively open-water)-based IAAS in irrigation 
regions of the Murray-Darling basin in SE Australia. In practice, such returns have not 
been validated on a sustained basis under actual commercial circumstances in Australia 
since this study was completed, despite numerous similar enterprises being attempted as 
both stand-alone and as part of small-scale IAAS. 
Based on bio-economic analysis of virtual systems for a range of IAAS models and 
species, the IAAS approach has been shown more generally to be an economically viable 
production system design option for Australia, subject to appropriate economies of scale.  
Economic viability of relatively small-scale (1-10 T per annum production) open-water 
cage culture of finfish such as silver perch and rainbow trout in on-farm (e.g. irrigation 
channels and storage reservoirs) and off-farm (public lakes and reservoirs) was undertaken 
using a ‘spreadsheet’ model (Gooley et al., 2001b) and a proprietary software package 
(AquaFarmerTM) (Gooley et al., 2001a) to estimate PM and IRR for combinations of market 
sale prices and system design and fish production costs. Input model values for these 
analyses are substantially lower than the present study but output values are comparable in 
relative terms. Consistent with the present study, results indicate that PM and IRR increase 
with stocker size (and cost), but growth rate and FCR (otherwise as indicators of BMP 
status) and market price must be optimal to achieve profitability (PM and IRR > 10%). 
Both studies (Gooley et al., 2001a; Gooley et al., 2001b) incorporate an ‘environmental’ 
levy as an Opex input cost for discharge of nutrient rich waste to public waters for off-farm 
systems, but for the on-farm systems and in the present study such externalities are 
internalised at zero cost within the irrigated farming system. For the on-farm systems, 
including in the present study, potential also exists for offsets to reduce fertiliser costs and 
thereby increase overall economic viability at the ‘whole-of-farm’ scale. More generally, 
bioeconomic analysis of virtual integrated aquaculture systems applications in Australia to 
improve quality and productivity of nutrient-rich recycled urban and industrial wastewater 
have been shown to be economically viable, subject to scale of operation with emphasis on 
high volume-low value finfish production (Gooley et al., 2006). However, for such 
applications only low trophic level finfish which are more tolerant of broadly ranging 
water quality conditions, such as introduced carp (Cyprinus carpio) and goldfish 
(Carassius auratus) are recommended.  
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In economic terms, IRR is a capital budgeting metric which measures the annualized 
effective compounded return rate which can be earned on invested capital i.e., the % yield 
on the investment (Tisdell, 2012). Put another way, the IRR for an investment is the 
discount rate that makes NPV = 0, and is an indicator of the efficiency or quality of an 
investment, as opposed to NPV, which indicates value or magnitude. A project is deemed a 
‘good’ investment proposition if IRR exceeds return on capital (ROC), the latter of which 
is an alternative estimate of investment viability (profitability ratio) in a project (and 
defined as % yield on capital contributions from an investment relative to the amount of 
the invested project capital). In Australian agriculture, ROC is used to compare potential 
alternative uses of a farming business’ capital with their investment in the farming business 
of interest (Wilson et al., 2005). Benchmarks for ROC in Australian agriculture are 
considered weak (< 2%), average (2-8%) and strong (> 8%) (RIRDC, 1997). According to 
Associates (1999), performance indicators for new and emerging rural industries in 
Australia can be considered a ‘very favourable outcome’ where NPV > 10% of investment 
funds and/or IRR is > 1.5x the required rate of return, a ‘favourable outcome’ where NPV 
is 0-10% of investment funds and/or 1-1.5x the required rate of return, and an 
‘unfavourable outcome’ where NPV is < 0 and/or IRR is < the required rate of return. 
Tisdell (2012) suggests if IRR exceeds the relevant rate of interest, the business is 
considered profitable, and profitability increases as IRR increases in relation to the rate of 
interest. 
In the present study, IRR estimates for medium-high viability scenarios comfortably 
exceed comparative rates of return (≈ ROC) estimates for other, mostly irrigated, 
agriculture sectors in the Murray-Darling Basin. According to Australian Bureau of 
Agriculture and Resource Economics (ABARE) survey data for financial performance of 
irrigation farms in the Murray-Darling Basin in the period 2006/07-2007/08 (Ashton et. al.
2010), the highest returns (average per farm) occurred in 2007/08, including broadacre 
(mostly rice and cotton; 1.2%), dairy (1.5%) and horticulture (mostly grapevines, fruit and 
nuts; 2.0%). According to investment ‘benchmarks’ specified in RIRDC (1997) and 
Associates (1999), the medium-high viability scenarios modelled in the present study 
would be considered ‘strong’ and/or ‘favourable to very favourable’ in comparative terms 
with other Australian agribusiness investments. 
These sectors are considered the most suitable for potential diversification into integrated, 
open-water farming of Murray cod as they are mostly centred in the Murray-Darling basin 
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in SE Australia where the present study is based. The irrigated sectors typically also have 
much of the requisite irrigation infrastructure to offset initial capital costs, including land, 
‘secure’ water and associated storage and reticulation systems, as well as existing need 
and/or potential for on-site application of organic (NPK) fertilisers to enhance overall farm 
productivity (noting however that the bio-economic analysis undertaken in the present 
study has not factored in utilisation of nutrient rich wastewater from fish production 
systems).  
Environmental constraints and associated opportunity costs often limit the economic 
development of traditional (high input) aquaculture (Tisdell, 1994). An integrated systems 
approach to aquaculture development utilises existing production frameworks with much 
reduced land and water resource inputs (Edwards, 1998; Gooley, 2000; Gooley et al., 
2001b; Edwards, 2003; Gooley and Gavine, 2003a). This equates to a smaller opportunity 
cost (or cost attributed to resources proportionate to value if used for another purpose 
Dalton (2001). In the present study, medium-high viability open-water Murray cod farming 
scenarios integrated into existing irrigated horticulture enterprise clearly reduce the 
opportunity cost of existing farming land, water and irrigation infrastructure by providing 
increased ROC for the farming system overall. This is particularly so as a result of the 
multi water-use feature of the IAAS approach to open-water fish production.  
Horticulture is one of the major users of irrigation water in the Murray-Darling Basin, with 
grapevines and fruit and nut trees accounting for about 24% of total consumption in 
2008/09 (Ashton et al., 2010). Rates of return (≈ ROC) on irrigated horticulture vary 
regionally across the Basin, with the highest returns recorded in the Northern Borders 
region of south-eastern Queensland/north-eastern New South Wales with (average per 
farm) estimates of 6.3% on $1.39m total capital in 2006/07 and 8.8% in 2007/08 on 
$1.57m total capital. By comparison, rates of return in the Murray region of the Basin, the 
geographic focus of the present study, were only 1.1% on $1.15m total capital and 0.2% on 
$1.25m total capital respectively for the same periods.  
From the present study, Capex estimates for diversification of irrigated horticulture in the 
Sunraysia Irrigation Area of the Murray region of the Basin into open-water farming of 
Murray cod to achieve medium-high economic viability outcomes are of a similar order of 
magnitude to existing farming systems, but vary according to preferred BMP/Market and 
fish stock/harvest size scenario. Capex is less for smaller production systems, ranging 
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between $398-840k, $565-1,450k and $899-2,670k for 50, 100 and 200 tonne production 
systems respectively. On this basis, diversification would require an investment in the 
order of (min.) 31.8 to (max.) 213.6% of existing farm capital value, however estimated 
payback periods are relatively short, ranging between 4 - 8 years for 50 tonne production 
systems and 3 – 8 years for both 100 and 200 tonne production systems, compared 
anecdotally to more traditional (non-integrated, single water-use) irrigated framing 
systems. Payback periods are typically much shorter, ranging between mostly 3-6 years for 
all production systems under BMP #2-3 and Market #2-3 scenarios. To what extent Capex 
investments of this scale are financially possible or indeed pragmatic cannot be determined 
by this study. Such decisions will have as much to do qualitative considerations with 
individual farmer risk profiles (and associated farm-based business models and individual 
farmer aspirations) as with more qualitative economic considerations around projected 
cash flows, ability to service debt and market-based access to finance.  
ͷǤͷ 
Opportunities to increase overall economic viability of the modelled production systems in 
the present study include: 
• possible enhancements to system design such as more efficient aeration systems 
designed to improve ambient water quality, particularly dissolved oxygen levels 
during and immediately following feeding events 
o increased growth rates and more efficient FCRs through: 
o provision of higher quality, customised feeds (formulations and pellet types) 
and automated, sensor-controlled feeding systems, and 
• Introduction of selectively-bred, faster growing and/or more disease resistant 
strains of fish (relevant also to increased supply of larger, cheaper stockers) 
o improved marketing and post-harvest handling and processing to enable 
sale of higher-value, portion-controlled fillets 
All such opportunities have the potential to substantially reduce input costs, increase 
market returns and, together with potential offsets to farm fertiliser costs, the potential to 
enhance economic viability of both the fish production and overall farm production 
system.  
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The present study for which baseline data were collected for Murray cod growth rates 
linked to water temperature, as primary inputs to the biological component of the model 
used to estimate economic viability indicators, was undertaken during prevailing drought 
conditions within the Murray-Darling Basin in south-eastern Australia; the so-called 
‘Millennium’ drought (1997-2009) (CSIRO, 2012). According to (CSIRO, 2010, 2012) 
and, this drought was the driest period since reliable climate records have been kept, with 
an annual rainfall decline on average across south-eastern Australia of 12% compared to 
the long-term (1900-2010) average, and with distinctive changes in year-to-year rainfall 
variability and the seasonality of rainfall decline. This drought had a major influence on 
market pricing of water for irrigation and by association the productivity and profitability 
of the irrigated farming sector in south-eastern Australia, such as irrigated horticulture in 
the Sunraysia Irrigation Area of Victoria. An economic sustainability study of the Mildura 
Horticultural Region in 2006, indicated that depressed market prices at the time was 
expected to reduce incomes for many businesses by more than 30% and up to 80-90% in 
extreme cases, with up to 20% of horticulturists at risk along with major job losses 
(RMCG, 2006). Diversification of the horticulture base was proposed as one of many 
possible interventions to increase profitability and long-term sustainability of irrigated 
horticulture in the region, although integration of aquaculture was not specifically 
considered at the time.  
The ‘Victorian Open Water Murray Cod Aquaculture Industry Development Plan’ (DPI, 
2009) refers to open-water Murray cod aquaculture, of the type analysed in the present 
study, as an “outstanding prospect for developing sustainable diversification ventures in 
northern Victoria....”. More specifically, the plan also states “in the face of ongoing 
drought, open-water Murray cod aquaculture has the potential to increase the value and 
sustainability of limited irrigation water resources through adoption of non-consumptive, 
IAAS-based multiple water uses (DPI, 2009). Importantly, key assumptions in the Plan 
relating to proposed scales of production and associated investment and market pricing are 
broadly consistent with the specifications of model inputs and outputs from the present 
study, many of which are validated by actual (benchmark) data from the pilot-scale 
commercial trials undertaken at red Cliffs in the Sunraysia Irrigation Region during 2005-
07. 
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Chapter 6. 	ǡ

͸Ǥͳ 
The primary objective of the present study was to facilitate development and adoption of 
an integrated agri-aquaculture systems (IAAS) approach to multiple water-use within 
Australian agricultural landscapes, with emphasis on adding value and sustainability to 
water in the irrigated horticulture sector. To address this objective, the present study 
undertook development, demonstration and evaluation of a pilot-scale, ‘commercial’ case-
study of open-water farming of Murray cod in the Sunraysia Irrigation Region of north-
western Victoria. 
Investigations included a review of the literature primarily relevant to agricultural water-
use, both globally and in Australia, IAAS principles, practices and current status in 
arid/semi-arid landscapes, including Australia, and status of inland aquaculture in Australia 
with emphasis on farming of Murray cod. A new conceptual framework was presented to 
address agricultural water-use sustainability imperatives in the irrigated agriculture sector, 
using irrigated horticulture as a practical example. This framework features an IAAS-based 
approach to multiple water-use, such as the integration of open-water farming of Murray 
cod in which irrigation water is first used non-consumptively to produce fish and then 
subsequently for horticulture. This framework is intended to provide philosophical context 
designed to facilitate guidelines for policy development, industry diversification, practice 
change and new investment, thereby stimulating much needed sustainable, regional 
development in the SIR and other irrigation regions of Australia.  
The open-water farming of Murray cod is a relatively new innovation as a stand-alone 
enterprise in the Australian inland aquaculture industry, and indeed also as part of an IAAS 
enterprise within the Australian irrigated horticulture industry. Given the potential and 
relative uniqueness of farmed Murray cod for both domestic and export markets, the 
approach developed, demonstrated and evaluated in the present study has both national and 
international significance. In this context, the present study provides the first detailed 
analysis of the technical requirements, environmental impacts and bio-economic feasibility 
of IAAS-based, open-water farming of Murray cod.  
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Additionally, outputs from the present study cover a broad perspective at multiple levels 
across strategic rationale for development, diversification and investment, a number of 
core baseline and operational data and associated information gaps and needs for key 
operational variables, and analytical tools including simulative models for assessing key 
environmental and economic risks and sensitivities. Such a suite of new information and 
decision support capacity is a critical requirement for government policy makers and 
planners and for new investors, including irrigation farmers and associated service 
industries such as other market-driven value-chain stakeholders within the irrigation, 
aquaculture and seafood market sectors. These stakeholders include those specialising in 
production system design, manufacturing and maintenance, technical support (e.g. fish 
husbandry, health, feeding and water quality management), hatchery/nursery production of 
advanced stockers, post-harvest processors, post-harvest transport and freight handlers and 
seafood wholesalers and retailers. 
Although key findings are most directly relevant to the SIR of north-western and seafood 
Victoria, they also provide a valuable benchmark for such applications in other irrigations 
regions of Australia, particularly throughout the Murray-Darling Basin. More generally, a 
significant new opportunity to increase value and sustainability of water used for irrigated 
agriculture in Australia through adoption of an IAAS approach to multi water-use has been 
developed, demonstrated and validated with a combination of actual data and simulated 
model-based analysis on a commercially relevant scale for the first time. It is expected that 
this will facilitate tangible, near term diversification of existing irrigated horticulture 
enterprise initially in the SIR. Specifically, it is expected that private diverters with 
existing and planned, large-scale, on-farm irrigation storages within new irrigation 
developments in the SIR will adopt commercial-scale, IAAS-based open-water farming of 
Murray cod for high-value domestic and export seafood markets, as featured in the present 
study. To this end, the present study has successfully addressed its stated objectives. 
͸Ǥʹ 	
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ǡ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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
Australia’s major irrigated agriculture sectors are under increasing pressure to deliver 
‘triple-bottom-line’ social, environmental and economic outcomes for the community. On 
face value, traditional, single water-use in irrigated agriculture is not sustainable, and in 
many cases only marginally profitable. The irrigation industry must shift towards higher 
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value and more sustainable use of water to achieve triple bottom line outcomes, with 
emphasis on adoption of innovative, multi water-use IAAS as part of a diversified 
enterprise.  
Integrated aquaculture typically just ‘borrows’ the water, which ultimately is used for 
irrigation, together with potentially beneficial organic nutrients which may offset fertiliser 
(and associated water) costs. With this approach, potential exists to simultaneously 
enhance farm-scale water-use efficiency and achieve productivity gains (i.e. increase water 
‘productivity’). Growing more, higher value food with less water (per unit of production) 
at a regional scale, by whatever means, can ultimately alleviate water scarcity, contribute 
to food security and lessen the environmental externalities of agriculture. 
The literature provides evidence that the broad application of IAAS philosophies, 
principles and concepts could provide tangible development of sustainable, agro-industrial-
scale farming systems in Australia. The alternative strategy for development of irrigated 
agriculture and/or inland aquaculture as stand-alone enterprise is a recipe for perpetuating 
mediocrity; or at best incremental growth, or at worst ultimate systems failure, in terms of 
long term sustainability.  
Open-water cage culture of Murray cod is emerging is a viable IAAS model for industry 
development in irrigation regions of the Murray-Darling basin. Broad stakeholder support 
within a new conceptual framework is required for this approach to have expected impacts 
in the longer term. Either way, there is little doubt that the context for water management 
has shifted demonstrably in Australia over the last decade. The Australian industry context, 
in comparison with other arid and semi-arid zone agro-industrial nations, may well have 
been paraphrased at some early developmental stage last century as ‘so much water, so 
little use’. The question may well be now asked, can the reverse apply (i.e. ‘so little water; 
so much use’)?  
The present study proposes that an integrated, aquaculture-based, farming systems 
approach to the multiple use of agricultural water makes sense, as it is an elegantly simple 
concept which is readily understood and accepted by industry. The extent to which this is 
both an enlightened and pragmatic view, or just enlightened, remains to be seen. The IAAS 
concept is intrinsically sound, and the resources, expertise and opportunity exist within 
Australia. What is now needed is for government, industry and the community at large to 
support the proposed new conceptual framework for industrial scale, irrigated agro-
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ecosystems in Australia described in the present study, particularly in the context of new 
commercial investment in emerging IAAS sectors such as the open water, cage production 
of Murray cod in private irrigation storages.  
͸ǤʹǤʹ Ǧ
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Growth and productivity data from this case study suggest that open-water production of 
Murray cod in the SIR of north-western Victoria has the potential to perform at a 
commercially relevant scale and standard. Floating cage and raceway systems were able to 
produce market-sized fish >600g in size in <12 months from advanced stocker size (>50-
100g) under semi-intensive conditions at stocking densities >10-20kg/m3, and subject to a 
combination of ambient environmental and controlled irrigation (water exchange) 
conditions. These growth rates were within the range of existing data from previous trials 
under different culture system conditions elsewhere in Australia (Ingram 2004; De Ionno et 
al., 2006), with faster growth rates having been recorded under controlled environment 
conditions within recirculation aquaculture systems (RAS).  
Growth and productivity was variable through the case study, particularly between 
different size cohorts over time. Whereas year-round production is feasible under IAAS-
based, open-water conditions in the SIR, results suggest that in practice, optimal stocking 
densities, food conversion and growth rates, all of which are key determinants of overall 
productivity and economic feasibility, are most likely to be achieved for reliable open-
water production systems of Murray cod under warmer ambient temperatures (i.e. spring-
summer-autumn), higher overall water exchange (i.e. during peak irrigation demand) and 
with larger (>500g) more robust fish.  

Due to the lack of replication for each site and system, the limitations of spatial and 
temporal variability between sites in relation to the different age and size cohorts of fish 
utilised, and the differing physico-chemical, irrigation and associated water quality 
characteristics, it was not possible to undertake any quantitative comparison of growth and 
production of Murray cod between the three sites or systems. Nonetheless, it was evident 
that performance of respective production systems was variable over time, with some 
broad trends apparent. 
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Overall, the floating cage system proved to be the most reliable in terms of operational 
integrity, required the least amount of maintenance, and growth rates and overall 
production of harvested Murray cod were at least as good as any other in the case study.  
Fish health and associated survival rates were impacted at all study sites by periodic 
disease outbreaks, but the operational integrity of the floating cage and floating raceway 
systems was not compromised by technical problems to the same extent as for the floating 
tank system. On balance, the floating cage system provided the best all round results in 
terms of fish production and market quality, as well as Capex and Opex costs, and was 
therefore used as the ‘virtual production system’ template for the bio-economic analysis in 
the present study.  
	
Overall, the majority of fish losses in the floating cage and raceway production systems 
resulted from disease outbreaks, which occurred most frequently and severely in smaller 
fish <500g in weight, typically immediately following handling (e.g. after initial stocking 
and/or size grading) and mostly during colder months of the year between May and 
September. Diseases at all sites mostly consisted of cosmopolitan ectoparasitic protozoa 
outbreaks (e.g. Ichthyobodo spp and Chilodonella spp.) and/or fungal infestation by 
Saprolegnia spp, all of which are relatively common in the Australian aquaculture 
industry, affecting a wide range of species and systems and geographic locations. Disease 
treatments consisted of a combination of regular prophylactic and therapeutic bathing in 
salt and/or hydrogen peroxide solutions, subject to industry-wide standard protocols and 
associated regulatory guidelines. These treatments were only partially effective at 
preventing mortalities, as underlying stress due to often combined effects of handling, and 
temperature and water quality fluctuations was thought to compromise the immune 
response of fish on a regular basis. As is evident in other aquaculture industry sectors, fish 
health management was most effective when low-dose prophylactic treatment were applied 
on a routine basis (e.g. every 2-4 weeks), with additional higher-dose therapeutic 
treatments provided when disease outbreaks were evident.  
Apart from system failure, poor water quality and disease, fish survival was also thought to 
be most affected by cannibalism in all systems, despite periodic size grading to moderate 
such effects. Periodic grading facilitated more consistent and optimal size grading, and 
therefore enhanced growth, survival and overall production, as well being a useful adjunct 
to harvesting of market-sized fish.  
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Water quality within the storage reservoirs at all three study sites was most readily 
influenced jointly by seasonality, and associated ambient air temperatures, irrigation 
demand, and associated water depth and exchange rates, and to a lesser extent design and 
construction of the reservoirs themselves. Ambient water temperature proved adequate for 
year-round production of Murray cod. Highest growth rates and overall production levels 
were recorded in all seasons except winter, typically at temperatures >25 ºC. Larger fish 
(typically > 1-1.5kg) were observed to be feeding actively and growing on a year-round 
basis, including at water temperatures <15 ºC in winter months, albeit on a reduced basis 
compared with other seasons. Feed rates were highest at temperatures >25 ºC during 
spring, summer and autumn, and during the corresponding peak irrigation season, to 
optimise FCRs and SGRs. Conversely, feed rates were reduced in winter, during non-
irrigation periods, to avoid over-feeding and inefficient FCRs. However fish maintained 
condition suitable for harvesting and commercial sale throughout all seasons. 
Apart from size and temperature dependent stress mortalities in smaller size fish <500g, 
particularly at the onset of cooler weather in about May of each year, water temperature 
appeared to have little impact on survival of larger fish > 500g at any time of the year. 
More importantly, optimal water quality conditions for fish production were experienced 
during periods of peak irrigation demand, typically during the period from 
September/October to April/May, depending on prevailing weather conditions and specific 
cropping requirements.  
Nutrient levels (N and P) and overall alkalinity at all three study sites were indicative of 
background water quality from the nearby Murray River source, and there was no obvious 
‘signal’ of elevated nutrients (including critical unionised ammonia levels) or alkalinity 
from fish production within the storage reservoirs themselves. Background water quality, 
in terms of nutrients and alkalinity, was considered almost oligotrophic and, therefore only 
moderately naturally productive, but at expanded, more intensive, commercial scales of 
IAAS fish production within optimal carrying capacities, it is likely that nutrient-rich 
wastewater would provide measurable offsets to existing fertigation systems. Water quality 
data from these trials provided baseline data for the water quality-based environmental 
carrying capacity and fertiliser offset analysis in the present study. At a smaller spatial 
scale, within and immediately adjacent to fish production systems, water quality was also 
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influenced by system design and performance, with critical (but unrecorded) DO, pH and 
TAN levels likely to have been experienced by fish immediately prior to major disease 
outbreaks and other mortality events. 
Overall, the ionic composition of the water was deemed to be consistent with that 
prescribed for ‘fresh water’ production in regulatory guidelines, and therefore entirely 
suitable for semi-intensive, open-water production of Murray cod. All measured organic 
compounds, and associated agricide residues, were below detectable limits and in most 
cases below maximum limits prescribed by regulatory guidelines, and therefore poses no 
apparent risk to Murray cod health under open-water production conditions, or to the food 
safety of processed fish harvested from production systems located within all study sites.  

A total of >4.1 tonnes of market-sized fish, worth >$57,000 was harvested and sold 
collectively from both study site #1 and #3 during the present study. These fish were sold 
in both domestic (>2.8 tonnes worth >$39,000) and export (>1.2 tonnes at >$17,000) 
markets. These were entirely new markets developed in the present study on the basis of 
producing and selling ‘open-water farmed Murray cod exclusively from the Sunraysia 
Irrigation Region’. Actual sales were consistent across both markets over a consecutive 22 
month period, and output from this study represented a substantial proportion of the total 
tonnage and value for all farmed Murray cod produced in Victoria during the study period. 
Actual wholesale (farm-gate) prices ranged between $12-15/kg for domestic markets and 
$15-17/kg for export markets, which compared with an average farm-gate unit price of 
$16.95 in domestic Australian markets for local production during this period. These 
market pricing data provided the baseline data for the relevant components of the bio-
economic analysis undertaken in the present study. 
Most sales were for chilled, ‘head-on, gilled and gutted’ (HOGG) fish, but some fillets 
were also sold. HOGG meat recovery (dress-out) rate and fillet yields were within the 
range of reported industry standards. Also, the proximate composition of sampled Murray 
cod conformed very closely to those previously reported for this species under other 
aquaculture production conditions, and reflected that which is typical of most cultured 
freshwater fish. The data also confirm that the lipid content of cultured Murray cod (this 
study and others) is relatively high, and falls within the range of those generally referred to 
as ‘fatty fish’. The n-3/n-6 ratio of Murray cod is within the range of other popular cultured 
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fish and is otherwise typical of freshwater fish in general. Indeed, the broad nutritional 
composition of farmed Murray cod generally conforms to that of most freshwater fish, 
albeit with a higher overall accumulation of lipid. Including the higher overall lipid 
content, the apparent nutritional differences which distinguish open-water farmed Murray 
cod in the present study from other cultured freshwater species (e.g. barramundi, silver 
perch, Atlantic salmon and rainbow trout), which may be potential market competitors, do 
not appear to have any impact on consumer acceptance of the finished product, and may 
well enhance preferred market traits. From a strict human nutrition perspective, if the 
product were to be assessed on perceived n-3/n-6 health benefits, it would be considered 
inferior to farmed salmonids. However, this rather narrow assessment of nutritional benefit 
is not considered relevant to marketability as most farmed fish such as Murray cod provide 
an easily digestible protein and a host of other likely beneficial nutrients, including a 
variety of vitamins and anti-oxidants and organoleptic sensory attributes which would 
provide consumers with added value. In the present study, fish were purged in-situ within 
the production system, but without food for periods between 24-48 hours, with no reports 
of off-flavour from the consumer surveys undertaken subsequently. 
Murray cod from the present study were provided to several organised industry and media 
events in and around Mildura in north-western Victoria, and food industry exhibitions and 
taste panel events at international destinations in south-eastern and northern Asia. Reports 
and evaluation of these events provided direction for future market development and also 
for establishing initial domestic and export buyers of Murray cod from this study. The 
product was marketed as uniquely Australian, ‘farm-fresh’ and environmentally 
sustainable, nutritionally balanced, with flesh being tender, delicately flavoured and 
pearly-white in appearance once cooked, and suitable for steaming, baking or frying 
according to various ethnic culinary styles. The general response from consumers was that 
the product was of a premium quality suitable for the high-end food services and retail 
sectors in both Australia and Asian export markets. Competitive products were deemed to 
be equally high-value wild caught species such as marine groupers, and farmed species 
such as barramundi and salmon.  
͸ǤʹǤ͵ ǡ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Background water quality characteristics determined from actual data collected at two case 
study sites as part of the present study are consistent with ‘slightly to moderately disturbed’ 
aquatic ecosystems. Nutrient processing functions at these sites can be reasonably assumed 
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to respond in a predictable manner when stressed by increased nutrient loadings from 
open-water, cage culture IAAS production of Murray cod fed a high energy extruded pellet 
diet.  
Based on these characteristics and assumptions, the predictability of nutrient processing 
functions under these conditions is able to be quantified on the basis of indicative estimates 
of N and P outputs using a simplified nutrient mass balance model, such as the IAAS-
nutrient model developed in the present study. Under various management scenarios 
incorporating both actual data for some parameters and assumed or otherwise ‘synthetic’ 
data for other parameters, model outputs indicate that commercial scale fish production is 
feasible within specified aquatic ecosystem functions, and aquaculture and irrigation 
management limitations. These outputs also identify potential fertiliser offsets which 
indicate potential costs savings against existing management regimes, and also indicative 
fish production limits above which excessive nutrient levels become risks to irrigation 
management. 
It is reasonable to conclude that private irrigation storage reservoirs in the Sunraysia 
Irrigation Region, of the type investigated in the present study (typically > 1 ha surface 
area, > 5 m depth, > 50-100 ML capacity and > 750 ML annual irrigation demand) have 
the potential through cage culture-based IAAS, to produce up to 200 t of Murray cod 
annually under ‘best practice’ aquaculture and highly modified irrigation management 
conditions. 
These conclusions are considered adequate to facilitate pilot, commercial-scale trials of 
open-water, cage culture IAAS production of Murray cod in the Sunraysia Irrigation 
Region of north-western Victoria. Further consideration of IAAS design, performance and 
productivity, and associated product quality and water quality impacts, is required in both a 
technical and economic context before explicit management recommendations can be 
made to facilitate full commercialisation.  
With > 54,000 ha available for irrigated horticulture production by private diverters in the 
SIR, and with a Bulk Water Entitlement for irrigation of >400,000-500,000 ML per 
annum, there is considerable economic potential for diversification of this agricultural 
sector to incorporate IAAS production of finfish such as Murray cod. More specifically, 
and as an example, with 100% allocation of irrigation water entitlements in 2010-11 (not 
all of which was utilised), > 1,000 private irrigation diversions totalled > 260,000 ML to 
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>41,000 ha. Private diversions for new irrigation developments in the SIR provide the 
resource base for adding value and sustainability to agricultural water through adopting a 
sustainable, multi-use, IAAS approach to fish production. 
͸ǤʹǤͶ Ǧ
The present study has developed a customised bio-economic model utilising relatively 
standardised methods for purposes of a relatively unique application i.e. to analyse the 
economic feasibility of open-water Murray cod production within a new IAAS-based multi 
water-use conceptual framework.  
From the results of the present study, trends indicate that unit production costs increase 
with increasing stocker and harvest size under all production system tonnages and 
BMP/Market scenarios, largely due to the combination of increased fish survival driving 
up associated feed costs. Profit Margins proportionately increase also due to the 
combination of increased survival driving up harvested biomass and associated market sale 
revenue. Predictably, these increases are further compounded by overall economies of 
scale driving down Opex, particularly under enhanced, more economically viable 
BMP/Market scenarios. The latter is expected under BMP/Market scenarios in which fish 
survival rates are greater at all production stages due to improved husbandry, meaning 
increased revenue generated from increased total of harvested fish for proportionately 
reduced Opex. Likewise, revenue from enhanced market conditions is increased for the 
same total harvest of fish due to the higher market price. Capex increases proportionately 
with maximum biomass of fish in the water at any one time (with latter in turn increasing 
under enhanced BMP/Market and associated stocker/harvest size scenarios), primarily due 
to proportionate increase in cost of production infrastructure (cage collars, net bags, 
supplementary aeration, predator netting etc). There is no obvious trend linking Payback 
period to Capex due to the confounding effects of changes in Opex referred previously.  
Risk has been considered in the present study through sensitivity analysis of market pricing 
and BMP scenarios to provide a range of possible economic outcomes reflecting the 
potential range of scenarios. Results provide an indicative rather than instructive guide to 
potential investors to enable risks to be factored in to business plans at an initial business 
development stage. In the absence of relevant ground-truthed data for open-water farming 
of Murray cod in north-western Victoria, meaningful probability distributions for risk are 
not available. In this context, risk and uncertainty reflected in relevant BMP and market 
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scenarios and associated combinations, in turn reflecting actual or potential circumstances 
validated by pilot-scale commercial trials in the present study, are considered appropriate. 
With reasonable management intervention, scope exist for husbandry improvements to 
offset some if not all risks associated with these variables e.g. change to alternative feeds 
and/or feeding practices/regimes to improve FCR, use of fish health treatments to reduce 
incidence of disease related mortalities and loss of growth, improved cage design, aeration 
systems and grading practices to increase stocking densities etc. To what extent such risk 
and uncertainty measures as incorporated in the sensitivity analysis in the present study are 
pragmatic is yet to be determined, with future industry experience the most relevant guide.  
By way of comparison, IRR estimates from the present study for medium-high viability 
scenarios comfortably exceed comparative rates of return (≈ ROC) estimates for other, 
mostly irrigated, agriculture sectors in the Murray-Darling Basin. According to 
conventional industry investment ‘benchmarks’, the medium-high viability scenarios 
modelled in the present study would be considered ‘strong’ and/or ‘favourable to very 
favourable’ in comparative terms with other Australian agribusiness investments. Existing 
irrigated agriculture sectors, particularly horticulture, are considered the most suitable for 
potential diversification into integrated, open-water farming of Murray cod as they are 
mostly centred in the Murray-Darling basin in SE Australia where the present study is 
based. The irrigated sectors typically also have much of the requisite irrigation 
infrastructure to offset initial capital costs, including land, ‘secure’ water and associated 
storage and reticulation systems, as well as existing need and/or potential for on-site 
application of organic (NPK) fertilisers to enhance overall farm productivity (noting 
however that the bio-economic analysis undertaken in the present study has not factored in 
utilisation of nutrient rich wastewater from fish production systems). Additionally, Capex 
estimates from the present study for diversification of irrigated horticulture in the 
Sunraysia Irrigation Area of the Murray region of the Basin into open-water farming of 
Murray cod to achieve medium-high economic viability outcomes are of a similar order of 
magnitude to existing farming systems, but vary according to preferred BMP/Market and 
fish stock/harvest size scenario. 
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Opportunities to increase overall economic viability of the modelled production systems in 
the present study include: 
• possible enhancements to system design such as more efficient aeration systems 
designed to improve ambient water quality, particularly dissolved oxygen levels 
during and immediately following feeding events 
• increased growth rates and more efficient FCRs through: 
o provision of higher quality, customised feeds (formulations and pellet types) 
and automated, sensor-controlled feeding systems, and 
o Introduction of selectively-bred, faster growing and/or more disease 
resistant strains of fish (relevant also to increased supply of larger, cheaper 
stockers) 
• improved marketing and post-harvest handling and processing to enable sale of 
higher-value, portion-controlled fillets. 
All such opportunities have the potential to substantially reduce input costs, increase 
market returns and, together with potential offsets to farm fertiliser costs, the potential to 
enhance economic viability of both the fish production and overall farm production 
system.  
͸Ǥ͵ 
This study is the first comprehensive and detailed analysis of IAAS-based, open-water 
farming of Murray cod. A pilot, commercial-scale case study was undertaken as part of 
existing commercial irrigated horticulture enterprise in the SIR of north-western Victoria. 
The case study demonstrates and evaluates a practical example of a proposed new 
conceptual framework designed to facilitate multiple use of irrigation water, thereby 
enhancing the value and sustainability of water in Australian agriculture landscapes. A 
feature of the study was the establishment of completely new and innovative production 
systems which were operated under commercial conditions to produce fish from advanced 
stockers to premium quality, plate-sized products sold into domestic and export markets 
(Figure 6-1). Baseline data on fish production, water quality and economic costs and 
benefits were collected throughout multiple, completed production trials over an extended 
period. These data were used to inform all subsequent analyses, thereby ensuring that key 
findings were appropriately validated and informed by ground-truthing where at all 
possible. 
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The collective key findings and conclusions from the present study provide a conceptual 
framework and ground-truthed, benchmark database and relevant modelling tools and 
analysis across multiple parameters which are intended to inform policy development, 
management planning, investment decisions, production system design and farm 
management decisions. As a consequence of the present study, the opportunity to increase 
value and sustainability of water used for irrigated agriculture in Australia through 
adoption of an IAAS approach to multi water-use has been realised. This is particularly 
relevant at a time when the industry is facing long-term economic and environmental 
sustainability challenges collectively from global market forces and long-term climate 
change. The greatest opportunity is likely to be associated with multiple-use of existing 
and planned, large-scale on-farm irrigation storage reservoirs as part of new irrigation 
developments by private diverters, such as in the Red Cliffs areas of the SIR. To ensure 
that carrying capacity for such storages is both environmentally sustainable and 
economically viable, only the largest storages are likely to be suitable, however with the 
existing storages there is potential for total annual production in the region in excess of 
several thousand tonnes of product.  
The present study was undertaken during prevailing drought conditions within the Murray-
Darling Basin in south-eastern Australia; the so-called ‘Millennium’ drought (1997-2009). 
This drought had a major influence on market pricing of water for irrigation and by 
association the productivity and profitability of the irrigated farming sector in south-
eastern Australia, such as irrigated horticulture in the Sunraysia Irrigation Area of Victoria. 
Furthermore, Australian temperatures are projected to continue to warm, rising by 0.6 to 
1.5°C by 2030 compared with the climate of 1980 to 1999, and average rainfall in southern 
Australia is projected to decrease, with a likely increase in drought frequency and severity. 
Diversification of the horticulture base has been proposed as one of many possible 
interventions to increase profitability and long-term sustainability of irrigated horticulture 
in the region, although integration of aquaculture was not specifically considered at the 
time.  
The ‘Victorian Open Water Murray Cod Aquaculture Industry Development Plan’ (DPI, 
2009) refers to open-water Murray cod aquaculture, of the type analysed in the present 
study, as an “outstanding prospect for developing sustainable diversification ventures in 
northern Victoria....”. More specifically, the plan also states “in the face of ongoing 
drought, open-water Murray cod aquaculture has the potential to increase the value and 
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sustainability of limited irrigation water resources through adoption of non-consumptive, 
IAAS-based multiple water uses (DPI, 2009). Importantly, key assumptions in the Plan 
relating to proposed scales of production and associated investment and market pricing are 
broadly consistent with the specifications of model inputs and outputs from the present 
study, many of which are validated by actual (benchmark) data from the pilot-scale 
commercial trials undertaken at red Cliffs in the Sunraysia Irrigation Region during 2005-
07.  
The new industry development plan (DPI 2009) is expected to facilitate diversification of 
the irrigated horticulture sector in north-western Victoria via new investment into IAAS-
based open-water farming of Murray cod. This new investment to date includes 
commercial production of plate-sized for domestic markets in Melbourne and Sydney, 
RAS-based production of advanced stockers and manufacturing of innovative, purpose-
designed and built floating cage production systems.  
The preliminary technical requirements, environmental impacts and bio-economic 
feasibility of IAAS-based, open-water farming of premium quality, plate-sized Murray cod 
in the SIR of north-western Victoria have been elucidated. This benchmark information 
provides a solid foundation for supporting this new and emerging industry sector at a 
critical, formative stage of development. This is particularly relevant at a time when 
equally new and emerging domestic and export markets are opening up in Australia and 
south-east Asia for sustainable, high quality and value, farmed seafoods. Results from the 
present study and more recent industry experience confirms that open-water farmed 
Murray cod have proven potential to meet this demand in part.  
On the back of this new investment, short term impacts within the SIR are expected to 
include increased total farm production output, reduced unit production costs and increased 
overall farm profitability for early adopters as part of a diversified farming enterprise. 
Medium–term impacts are expected at a broader catchment and regional scale and include 
enhanced regional development opportunities for rural communities and reduced off-farm 
environmental externalities. Longer-term benefits are expected at a basin, if not national 
scale, in the form of added value and sustainability for agricultural water-use in Australia. 
Tangible impacts of the present study to date include a credible, industry acknowledged 
contribution to the establishment of IAAS-based, open-water Murray cod farming as a new 
and emerging diversification opportunity within the irrigated horticulture industry sector in 
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south-eastern Australia, particularly within the SIR of north-western Victoria (DPI 2009). 
It has now moved beyond the ‘embryonic and speculative stages’, as defined by McKinna 
et al. (1998), to a more commercial footing in which a small number of entrepreneurial and 
innovative operators are adopting a professional approach at a relatively small but 
otherwise commercial scale, selling premium quality and priced product into the high-end, 
Australian domestic seafood services market sector. Consistent with the ‘commercial 
stage’ definition for new agricultural enterprise in Australia (McKinna et al., 1998), these 
operators are also undertaking in-house research and development to facilitate adoption of 
new, IAAS-based multi water-use farming practices to improve productivity and product 
quality.  
It logically follows that through application of intrinsic, non-consumptive, multi water-use 
practices, such innovation is making a tangible contribution to increasing the value and 
sustainability of irrigation water at the level of both the farming enterprise and more 
broadly at the regional and national level. Such longer term impacts are consistent with 
those described by Gooley and Gavine (2003) and more recently by Gooley et al (2007). 
Notwithstanding the inherent natural variability in the climate of this region, including 
frequency and intensity of rainfall extremes leading to periodic flooding and drought, 
projections of future climate in this region indicate an underlying drying trend. Future 
conditions across the region are expected to be warmer and drier, albeit with considerable 
uncertainty over the timing and scale of such change, and water resource managers will 
need to ensure planning and management processes are robust and adaptive across a wide 
range of future climate scenarios (CSIRO, 2012). By association, irrigators will need to be 
flexible and innovative with water usage in the future, factoring in inevitable limitations on 
water availability and associated cost increases for short-term and permanent water 
entitlements as experienced during the Millennium drought in south-eastern Australia. 
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Figure 6-1. Open-water farmed Murray cod produced in the present study at Red Cliffs, Sunraysia Irrigation 
Region, NW Victoria; (A) advanced stocker Murray cod (B) market-size, ‘open-water’ farmed Murray cod at 
harvest; (C) processed and chilled ‘open-water’ farmed Murray cod being packed for delivery to domestic 
and export markets  
A. 
B. 
C. 
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Appendix 1. Key specifications/features of production systems 
• All systems can be retro-fitted to appropriately sized existing water bodies and 
require minimum operating depth of approx. 1m ‘free water’ underneath units; 
typically minimum of 3m preferred under normal operating conditions; high 
through-put, irrigation storages preferred for optimal water quality. 
• All systems require access to mains power for support services and need to be 
accessed via a floating walkway or pontoon 
• All systems require minimum standards of OH&S and security of stock and 
infrastructure for routine operations. 
• All systems require secure anchorage, typically both to the substrate of the pond 
and the bank at or near the point of access. 
• All systems subject to similar security issues in relation to vandalism and theft of 
stock and equipment. 
• All systems require ready and convenient access by operators on a daily basis for 
routine management. 
• All systems suitable for manual and/or auto feeding systems. 
Specifications 
& Features 
Floating cages Floating raceways Semi-Intensive Floating Tank 
System (SIFTS) 
Commercial 
supplier* 
Collars – existing 
infrastructure; supplier 
details not available 
Net bags – Trident Nets, 25 
Humphrey St, New Norfolk, 
Tasmania 7140 
Total Aquaculture Management 
Co. (TAMCO), ‘Loch Eaton’, 
PO Box 1078, Buderim, Qld 
4556  
¾ McRobert Aquaculture 
Systems, 27B Adrian 
St., Welshpool 6106, 
Western Australia;  
* details as at the time of the trials in January 2005-April 2007  
Appendices |  227  
Specifications 
& Features 
Floating cages Floating raceways Semi-Intensive Floating Tank 
System (SIFTS) 
Construction/design Floatation collar (extruded 
poly HDPE) for securing 
netbags and as integrated 
walkway for access and 
servicing cages. 
Mesh net bags (poly, knotless) 
weighted to ensure correct 
shape and size in water; 
Modular configuration to 
enable multiple cages to be 
located together; 
Jump nets above water surface 
are to prevent fish escapement 
over the top of the net bags; 
Poly (HDPE) extruded boxes 
with solid floors and walls but 
open-ended, mesh-screened ends 
for inlet and outlet flow of water 
(double screened to secure fish 
during changeover). 
Integrated poly floatation 
collars/walkways; can be linked 
side by side with integral 
galvanised steel mesh walkway. 
Directional water exchange 
through the raceways from air-
lift pumping manifold located 
inside the protective inlet screen 
(allows water in but prevents 
larger fish/aquatic biota/debris 
getting in or out).  
Round, double (inflatable) poly 
liner tanks suspended off 
extruded poly (HDPE) floatation 
collar/walkway; 
Fitted with pumped air supply via 
ball valve-controlled pvc/poly 
pipe manifold for (air-lift 
pumped) water exchange, solids 
removal and liner inflation. 
Liner inflation for purpose of 
convenient fish 
harvesting/handling/transfer with 
minimal disturbance and also 
routine cleaning/maintenance. 
Covered sides and roof by dual 
purpose bird netting and shade 
cloth for weather protection, all 
supported by floatation collar. 
Individual units can be replicated 
and connected for modular-type 
production; 
Purpose built ‘taxi’ tanks 
available for transferring fish 
between production units, disease 
treatments, grading, harvesting 
etc.  
Dimensions Two, 4m x 4m x 2m (32m3); 
also smaller cages 2 x 2 x 2m 
(8m3) for short-term purging, 
grading, nursery production etc 
Mesh size variable depending 
on fish size, typically 10-
25mm stretched. 
Two, 7.5m overall length (6.7m 
effective fish production length) 
x 1.77m width x 1.1m depth 
raceways (effective 13 m3 fish 
production capacity). 
Modular system; standard 
lengths of raceway can be joined 
to form longer units if req’d. 
Two, 3.14m diam. x 1.4m depth 
(approx. 10m3 fish production 
capacity) and one, 2.07m diam. x 
1.4m depth ( approx. 5m3 fish 
production capacity)  
Species Well established for numerous 
finfish species, marine & 
freshwater in both protected 
and exposed locations. 
All species, marine & 
freshwater, although typically 
used to date in protected 
freshwater locations. 
Commercial and 
pilot/experimental applications 
to date for silver perch, Murray 
cod and Anguillid eels. 
All species, marine & freshwater, 
although typically used to date in 
protected Freshwater and inland 
saline locations. 
Pilot/prototype applications to 
date for mulloway, barramundi, 
rainbow trout and Murray cod. 
System possibly more suited to 
active swimming/pelagic species 
(e.g. mulloway, trout etc) 
compared with more 
sedentary/benthic species (e.g. 
Murray cod). 
Production capacity Semi-intensive; Species 
specific; up to 30kg/m3
Semi-intensive to intensive; 
species specific up to 50-
100kg/m3 
Semi-intensive to intensive; 
species specific up to 50-
100kg/m3
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Specifications 
& Features 
Floating cages Floating raceways Semi-Intensive Floating Tank 
System (SIFTS) 
Water 
exchange/aeration 
Passive water exchange and 
aeration from surrounding 
pond, with supplementary 
paddlewheel aeration (single 
phase, 1.5hp) aeration, 
6hrs/night 9on timer). 
Active, airlift pumping 
system; 
single phase, 2.2 kw 
centrifugal blower located on 
bank approx. 30m from 
raceways; up to 8 
exchanges/hr  
Active, airlift pumping system 
directing tangential laminar 
flow inside tank and exiting 
back to the pond through a 
screened channel at the surface; 
single phase, 6.6 kw centrifugal 
blower located on pond bank 
approx. 100m from tanks; up to 
4 exchanges/hr (90% of total 
flow; approx. 100m3/hr). 
Environmental 
performance 
Waste removal is passive; 
solids tend to accumulate 
under cages with ongoing use. 
Solids waste removal from 
raceways by flushing motion 
of water exchange forcing 
solids out through mesh screen 
into pond at end of the 
raceway. 
Solid waste removal from tanks 
directed by airlift water flow 
(10% of water exchange) from 
bottom/centre of tank through 
adjustable plate (gap) via 
central waste pipe to externally 
located solids trap (swirl 
separator) for re-use/land 
disposal; 
Up to 95% removal of solid 
waste from the system to land. 
Capital cost Relatively cheap; available 
either ready-made 
commercially or can be home-
made using individually 
purchased components. 
Commercial system 
Typically more expensive than 
cages including the cost of 
additional support 
infrastructure such as air 
blowers and supply lines, 
emergency alarms and oxygen 
backup systems. 
Commercial prototype; 
Typically more expensive than 
cages including the cost of 
additional support infrastructure 
such as air blowers and supply 
lines, emergency alarms and 
oxygen backup systems. 
Cost comparison with raceways 
unclear due to prototype status 
of system. 
Predator control Typically require protective 
bird netting over top and in 
water around the cages to 
prevent problems with 
predatory birds; water rats can 
also be a problem. 
Raceways covered by mesh 
screens to prevent fish 
escapement and bird/other 
predation; 
Some problems can occur with 
birds harassing and injuring 
fish through end screens of 
raceways. 
SIFTS fully covered by bird 
netting to prevent bird 
predation; 
Tanks fully sealed from water 
column to protect resident fish. 
Maintenance Biofouling of net bags in clear 
water requires periodic 
removal and cleaning of algae 
from net bags and collars, thus 
requiring spare net bags to be 
available. 
Biofouling of inlet/outlet 
screens and airlift manifold in 
clear water requires periodic 
removal and cleaning; spare 
screens required for this 
purpose. 
Occasional cleaning of 
raceways required using long-
handled brooms to remove 
accumulated waste collecting 
behind screens, partitions, 
crowders etc. 
Biofouling and accumulation of 
solids in tanks requires periodic 
cleaning by manual means, 
particularly at high density and 
if water exchange is not 
maintained to specified levels. 
Inflatable liners facilitate 
routine cleaning once fish 
removed from tanks. 
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Specifications 
& Features 
Floating cages Floating raceways Semi-Intensive Floating Tank 
System (SIFTS) 
Reliability Relatively simple systems 
with few moving parts and 
support infrastructure. 
Reliability problems usually to 
do with net bag failure (holes, 
rips etc), loss of buoyancy of 
floatation collars and/or loss 
of anchorage during storm 
events. 
More complex system requiring 
mechanical/electrical services 
for pumped air supply from 
land-based infrastructure. 
Higher density production and 
reliance on air-lift pumps dictate 
need for emergency backup 
systems to advise of 
mechanical/electrical failure in 
aeration system and automatic 
emergency oxygen supply. 
More complex system requiring 
mechanical/electrical services for 
pumped air supply from land-based 
infrastructure. 
Higher density production and 
reliance on air-lift pumps dictate 
need for emergency backup 
systems to advise of 
mechanical/electrical failure in 
aeration system and automatic 
emergency oxygen supply. 
Added complexity over raceways 
due to dual water/waste removal 
system and inflatable liners. 
Versatility Readily located in most 
aquatic environments however 
very dependent on ambient 
conditions for maintenance of 
culture conditions due to 
limited control of key water 
quality parameters, 
particularly DO and waste 
levels. 
Stock handling (transfer, 
harvesting, measurement, 
treatment) typically by manual 
methods such as use of hand-
held dip nets, although 
‘bunching’ of net bags is 
convenient method of 
crowding fish in water. 
Readily located in most aquatic 
environments and able to 
mitigate lower quality water due 
to active water exchange and 
aeration; 
Dependent on access to mains 
power/pumped air supply. 
Stock handling (transfer, 
harvesting, measurement, 
treatment) typically by manual 
methods using hand-held dip 
nets, although mesh screen 
‘crowders’ are convenient for 
initially concentrating fish with 
minimal handling. 
Readily located in most aquatic 
environments and able to mitigate 
lower quality water due to active 
water exchange and aeration; 
Dependent on access to mains 
power/pumped air supply. 
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Appendix 2. Feed type, nutritional profile and pellet size used in the present study. 
Fish weight 
(g) 
Type 
(Skretting®)
Pellet size 
(mm) 
Protein 
(%) 
Lipid (%) 
50-100 Nova LO 5 50 14 
100-150 Classic SS 7 43 15 
150-200 Classic SS 9 43 15 
>200 Classic SS 11 43 15 
Appendix 3. Temperature dependent feed rates for intensively reared Murray cod; adapted 
from Ingram (2004). 
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Appendix 4. Summary of export market development evaluation activities for open-water farmed Murray cod from cohort #1 at study site #1 and #3, Red 
Cliffs, Victoria during the period August 2005-May 2006. 
Singapore Thailand Indonesia South Korea Japan 
Evaluation by Food and Hotel Asia 
personnel 
DPI Agribusiness personnel Consultant (on behalf of DPI 
Agribusiness) 
Consultant (on behalf of DPI 
Agribusiness) 
DPI Agribusiness personnel 
Evaluation 
event/activity 
(i) Food and Hotel Asia: 
‘Naturally Victorian’ 
pavilion 
(ii) For Australian exporters 
and international buyers at 
the Sheraton Towers, 
Singapore 
(iii)For chefs, importers and 
speciality seafood buyers 
Luncheon at the Grand Hyatt 
Erawan Hotel in Thailand 
(i) Seafood buyers/chefs in 
Indonesia 
(ii) Indonesian food buying 
delegation at Oyster 
restaurant, Melbourne 
Key seafood buyers and 
chefs in South Korea 
(i) Austrade event - Seafood 
buyers/chefs in Japan 
(ii) Victorian foods 
promotion in Japan at 148 
Hiroo restaurant  
(iii) Naturally Victorian 
(Food Expo 2007) 
Type of 
promotion 
and/or 
evaluation 
method 
(i) Taste test  
(ii) Taste test 
(iii) Taste test and 
questionnaire 
Taste test (feature dish), 
including questionnaire 
(i) Interviews 
(ii) Taste test (feature dish) 
Interviews (i) Interviews 
(ii) Taste test (feature dish) 
(ii) Taste test 
Size of 
evaluation 
audience 
(i) unknown 
(ii) 250 
(iii) 10 
11 (i) 10 
(ii) unknown 
Unknown (i) 10 
(ii) 19 
(iii) unknown 
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Appendix 5. Schematic flowchart summaries of key fish production stages for Cohort #1 fish at study site #1 for the period January 2005 – March 2007 
(see also summary Tables 3-4, and details Tables 5-7 for corresponding production data) 
Start (Jan. “05)
1st Grade – Feb “05
Split ‘Smalls’ (May “05)
Study Site #1Murray cod production trials – Cohort #1
A1/ungraded
B/Bigs
A/Smalls
A2/Smalls
A1/Smalls
2nd Grade – Feb “06
A1/Smalls
A2/Smalls
B3/Bigs
(all harvested by Aug. “06)
3rd Grade – Oct. “06
A/Smalls
(all harvested by Mar. “07)
B/Bigs
(all harvested by Mar. “07)
B2/Bigs
(all harvested by June “06)
B1/Bigs
(all harvested by May “06)
Finish (Mar. “07)
Corresponding production data
Table 5 Table 6 Table 7 Table 7
A2/ungraded
Commence harvesting/market appraisal (June “05)
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Appendix 6. Schematic flowchart summaries of key fish production stages for Cohort #1 fish at study site #2 for the period January – October 2005 (see 
also summary Tables 3-4 and details Table 8 for corresponding production data) 
  
Start (Jan. “05)
1st Grade – Jan. “05
Study Site #2Murray cod production trials – Cohort #1
B/Bigs
A/Smalls
A/Mediums
A/Smalls
2nd Grade – Feb. “05 3rd Grade – Jun. “05
Finish (Oct. “05)
Corresponding production data
Table 8
A/Smalls
‘small’-Smalls 
culled
Table 8 Table 8
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Appendix 7. Schematic flowchart summaries of key fish production stages for Cohort #1 fish at study site #3 for the period January 2005 – March 2007 
(see also summary Tables 3-4 and details Tables 9-10 for corresponding production data)
1st Grade – Feb “05
Study Site #3Murray cod production trials – Cohort #1
AB1/ungraded
B. Bigs
A. Smalls
2nd Grade – May “05
A. Smalls
B. Bigs
3rd Grade – Feb. “06
Corresponding production data
Table 9 Table 9 Table 10 Table 10
B. Bigs
(all harvested by Jul. “06)
A. Smalls
4th Grade – Oct. “06
A. Smalls
B. Bigs
(all harvested by Jan. 
“07)
Finish (Mar. “07)Start (Jan. “05)
AB2/ungraded
Table 9
Commence harvesting/market appraisal (Sept. “05)
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Appendix 8. Fish size (based on mean value of final weight and initial weight) and temperature (based on 
mean temperature recorded for the time between measurement of final weight and initial weight) 
groupings for determining thermal unit growth coefficient (TUGC) values for the present study 
Weight (g) temperature (oC) 
5 to 50 
50 to 150 
150 to 250 
250 to 500 
500 to 1000 
1000 to 2000 
10-15 
15-20 
20-25 
25-30 
25-30 
25-30 
Appendix 9. Synthetic survival rates for each weight grouping used in the model for the present study 
(based on data presented in (Ingram, 2004)) 
Weight (g) Survival (%) 
50 to 150 
150 to 250 
250 to 500 
500 to 1000 
1000 to 2000 
97.5 
98.5 
99 
99 
99 
Appendix 10. Feed rates under different production and temperature scenarios according to median fish 
size (median growth curve) and water temperature (as described by (Ingram, 2004)) as model inputs 
(biological components) for the present study 
Fish size (g) Temperature range   
 10-15oC * 15-20oC 20-25oC 25-30oC 
50 to 150 0 1.5 1.8 1.6 
150 to 250 0 1 1.5 1.5 
250 to 500 0 0.75 1 1 
500 to 1000 0 0.75 1 1 
1000 to 2000 0 0.75 1 1 
*Assume fish do not feed in this temperature range 
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Appendix 11. A summary of all allocated Capex costs (estimated local market value at time of the study 
circa 2012-13) for the present study 
Capex items Unit cost ($) Multiplier 
Production 
system 
Cage floatation collars 2,850 each 
Net bags/small mesh 1,250 each 
Net bags/large mesh 1,000 each 
Bird/predator-netting 100 per cage collar 
Safety rails 450 per cage collar 
Cage construction costs 500 per cage collar 
Access pontoon 7,000 per system 
Plant & 
equipment 
Auto feeders/stands 1,300 Per cage collar 
Paddlewheels 800 Per 10 x cage collars 
Air blower & reticulation/diffusers 2,500 Per 10 x cages collars 
Miscellaneous (ice maker, liquid oxygen 
storage, mobile phones etc) 
11,500 Per system 
Auxiliary power generator 15,000 per system 
Water quality monitoring/alarms & 
lab/office equipment 32,500 per system 
Fish grader & harvesting equipment 
5,000 
per system 
Support 
infrastructure 
Site office/shedding 50,000 per system 
Vehicle 35,000 per system 
Four-wheel bikes (two off) 15,000 per system 
Fish transport trailer 7,500 Per system 
Holding/purging tanks (RAS) 25,000 per 50 T annual production 
Other capital 
items 
Planning, permits & fees 10,000 per system 
Mains power connection 10,000 per system 
Site preparation, access & security 7,500 per system 
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Appendix 12. A summary of all allocated Opex costs (estimated local market value at time of the study 
circa 2012-13) for the present study 
Opex items Unit cost ($) Multiplier 
Stockers  100g (stocked 1 Oct) 3.00/3.25/3.50 per fish  
125g (stocked 15 Oct) 3.50/3.75/4.00 per fish  
150g (stocked 30 Oct) 4.00/4.25/4.50 per fish 
Food Starter 1,800 per tonne of feed 
Grower 1,600 per tonne of feed 
Labour Supervisor 65,000 1.0 FTE/yr/30,000 fish 
Assistants 40,000 1.5 FTE/yr/30,000 fish 
Training, OH&S NA 10% of total labour cost/yr 
Fuel, utilities, other 
consumables & services 
Fuel 750 per mth/50 T annual production 
Utilities 750 per mth/50 T annual production 
Oxygen 500 per mth/50 T annual production 
Other 15,000 per yr 
Processing, packaging & freight 
1.00 
per kg of total annual production 
(harvested biomass) 
Interest on loans & 
depreciation on Capex 
Interest NA 7.5% of total Capex/yr 
Depreciation NA 7.5% of total Capex/yr 
Administration, 
marketing, licenses, fees 
& insurance 
Administration 
NA 20% of total labour costs/yr + 0.05% of 
total (fish) revenue 
Marketing NA 0.05% of total (fish) revenue 
Other 22,500 per yr 
Appendix 13. Relevant survival rates for combinations of size cohorts and BMPs for the present study 
Size cohort (g) BMP scenario/survival rate (%) 
#1 
(worst case) 
#2 
(medium case) 
#3 
(best case) 
100-150 
(stockers) 
100  82.5 85 87.5 
125  85 87.5 90 
150  87.5 90 92.5 
150-250 NA 90 92.5 95 
250-500 NA 95 96.5 98 
500-1000 NA 98 99 99 
1000-2000 
(harvest size) 
NA 99 99 99 
Appendix 14. The selected parsimonious model for each outcome variable statistically analysed in the 
present study 
Outcome variable  Selected model 
IRR* System+BMP+Stock+Harvest+Market+Stock.Harvest 
NPV** System+BMP+Stock+Harvest+Market+Stock.Harvest 
PM System+BMP+Stock+Harvest+Market+Stock.Harvest 
* logarithmically transformed 
**Square root transformed 
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Appendix 15. Economic feasibility indicators for virtual 50, 100 and 200 T per annum production systems 
for each of BMP (risk) scenario #1-3 and Market scenario #1-3 combinations, and subject to varying 
stocker and harvest size combination scenarios (NA, not applicable; colour coding legend: red indicates 
‘Not Viable’, yellow indicates ‘Low Viability’, green indicates ‘Medium-High Viability’).
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BMP/Risk scenarios - 50 tonne system Max. Capex NPV IRR PM Payback Production Profit
biomass period cost (pre-tax)
(tonnes) ($ ,000s) ($ ,000s) (%) (%) (yrs) ($/kg) ($/kg)
BMP #1/Market #1
Stock @ 100g; harvest @ 1.0kg 47.6 640.6 NA NA NA NA NA NA
Stock @ 100g; harvest @ 1.2kg 72.3 853.4 NA NA NA NA NA NA
Stock @ 100g; harvest @ 1.4kg NA NA NA NA NA NA NA NA
Stock @ 125g; harvest @ 1.0kg 41.3 586.5 NA NA NA NA NA NA
Stock @ 125g; harvest @ 1.2kg 49.2 654.2 NA NA NA NA NA NA
Stock @ 125g; harvest @ 1.4kg 70.8 840.8 NA NA NA NA NA NA
Stock @ 150g; harvest @ 1.0kg 39.1 567.7 NA NA NA NA NA NA
Stock @ 150g; harvest @ 1.2kg 48.8 651.1 NA NA NA NA NA NA
Stock @ 150g; harvest @ 1.4kg 68.4 819.5 NA NA NA NA NA NA
BMP #1/ Market #2
Stock @ 100g; harvest @ 1.0kg 47.6 640.6 NA NA NA NA NA NA
Stock @ 100g; harvest @ 1.2kg 72.3 853.4 NA NA NA NA NA NA
Stock @ 100g; harvest @ 1.4kg NA NA NA NA NA NA NA NA
Stock @ 125g; harvest @ 1.0kg 41.3 586.5 NA NA NA NA NA NA
Stock @ 125g; harvest @ 1.2kg 49.2 654.2 -531.6 0.0 7.6 >10 20.92 0.13
Stock @ 125g; harvest @ 1.4kg 70.8 840.8 -416.8 3.5 10.1 >10 22.44 1.19
Stock @ 150g; harvest @ 1.0kg 39.1 567.7 NA NA NA NA NA NA
Stock @ 150g; harvest @ 1.2kg 48.8 651.1 -437.9 1.9 9.0 >10 20.43 0.60
Stock @ 150g; harvest @ 1.4kg 68.4 819.5 -262.4 6.0 12.2 10 21.67 1.93
BMP #1/ Market #3
Stock @ 100g; harvest @ 1.0kg 47.6 640.6 NA NA NA NA NA NA
Stock @ 100g; harvest @ 1.2kg 72.3 853.4 -550.1 1.3 8.0 >10 23.03 0.54
Stock @ 100g; harvest @ 1.4kg NA NA NA NA NA NA NA NA
Stock @ 125g; harvest @ 1.0kg 41.3 586.5 -115.6 7.6 11.3 10 19.46 1.80
Stock @ 125g; harvest @ 1.2kg 49.2 654.2 27.1 10.5 15.2 8 20.62 2.98
Stock @ 125g; harvest @ 1.4kg 70.8 840.8 138.1 12.0 16.6 8 22.15 4.03
Stock @ 150g; harvest @ 1.0kg 39.1 567.7 213.3 15.2 12.3 7 18.76 2.93
Stock @ 150g; harvest @ 1.2kg 48.8 651.1 113.3 11.9 16.3 8 20.18 3.39
Stock @ 150g; harvest @ 1.4kg 68.4 819.5 281.9 14.0 18.4 7 21.43 4.71
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BMP/Risk scenarios - 50 tonne system Max. Capex NPV IRR PM Payback Production Profit
biomass period cost (pre-tax)
(tonnes) ($ ,000s) ($ ,000s) (%) (%) (yrs) ($/kg) ($/kg)
BMP #2/Market #1
Stock @ 100g; harvest @ 1.0kg 47.1 501.3 NA NA NA NA NA NA
Stock @ 100g; harvest @ 1.2kg 72.0 644.4 NA NA NA NA NA NA
Stock @ 100g; harvest @ 1.4kg NA NA NA NA NA NA NA NA
Stock @ 125g; harvest @ 1.0kg 40.6 463.8 NA NA NA NA NA NA
Stock @ 125g; harvest @ 1.2kg 48.9 511.5 NA NA NA NA NA NA
Stock @ 125g; harvest @ 1.4kg 70.7 636.7 -513.7 0.0 7.2 >10 20.96 0.12
Stock @ 150g; harvest @ 1.0kg 38.8 453.7 NA NA NA NA NA NA
Stock @ 150g; harvest @ 1.2kg 48.5 509.4 NA NA NA NA NA NA
Stock @ 150g; harvest @ 1.4kg 68.2 622.4 -402.1 2.3 9.0 >10 20.40 0.66
BMP #2/ Market #2
Stock @ 100g; harvest @ 1.0kg 47.1 501.3 NA NA NA NA NA NA
Stock @ 100g; harvest @ 1.2kg 72.0 644.4 NA NA NA NA NA NA
Stock @ 100g; harvest @ 1.4kg NA NA NA NA NA NA NA NA
Stock @ 125g; harvest @ 1.0kg 40.6 463.8 -321.1 1.9 7.4 >10 18.24 0.45
Stock @ 125g; harvest @ 1.2kg 48.9 511.5 -125.9 7.4 12.5 10 19.27 1.79
Stock @ 125g; harvest @ 1.4kg 70.7 636.7 37.0 10.6 14.7 8 20.70 2.94
Stock @ 150g; harvest @ 1.0kg 38.8 453.7 -68.7 7.9 8.0 10 17.75 1.28
Stock @ 150g; harvest @ 1.2kg 48.5 509.4 -72.8 8.5 13.3 10 18.99 2.04
Stock @ 150g; harvest @ 1.4kg 68.2 622.4 139.7 12.4 16.2 7 20.17 3.43
BMP #2/ Market #3
Stock @ 100g; harvest @ 1.0kg 47.1 501.3 -147.8 6.9 11.9 10 19.34 1.65
Stock @ 100g; harvest @ 1.2kg 72.0 644.4 -55.2 9.0 13.2 9 21.10 2.47
Stock @ 100g; harvest @ 1.4kg NA NA NA NA NA NA
Stock @ 125g; harvest @ 1.0kg 40.6 463.8 268.4 16.1 16.0 6 17.90 3.36
Stock @ 125g; harvest @ 1.2kg 48.9 511.5 428.0 18.0 19.5 6 19.00 4.60
Stock @ 125g; harvest @ 1.4kg 70.7 636.7 587.7 19.5 20.8 5 20.43 5.75
Stock @ 150g; harvest @ 1.0kg 38.8 453.7 542.3 24.9 16.2 5 17.46 4.23
Stock @ 150g; harvest @ 1.2kg 48.5 509.4 475.4 18.8 20.1 6 18.75 4.82
Stock @ 150g; harvest @ 1.4kg 68.2 622.4 681.6 21.0 22.0 5 19.95 6.19
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BMP/Risk scenarios - 50 tonne system Max. Capex NPV IRR PM Payback Production Profit
biomass period cost (pre-tax)
(tonnes) ($ ,000s) ($ ,000s) (%) (%) (yrs) ($/kg) ($/kg)
BMP #3/Market #1
Stock @ 100g; harvest @ 1.0kg 46.8 432.3 NA NA NA NA NA NA
Stock @ 100g; harvest @ 1.2kg 72.0 540.9 NA NA NA NA NA NA
Stock @ 100g; harvest @ 1.4kg NA NA NA NA NA NA NA NA
Stock @ 125g; harvest @ 1.0kg 40.1 403.7 NA NA NA NA NA NA
Stock @ 125g; harvest @ 1.2kg 48.7 440.8 -357.7 1.5 8.5 >10 18.14 0.38
Stock @ 125g; harvest @ 1.4kg 70.6 535.1 -172.6 6.4 11.5 10 19.52 1.56
Stock @ 150g; harvest @ 1.0kg 38.8 398.0 NA NA NA NA NA NA
Stock @ 150g; harvest @ 1.2kg 48.4 439.2 -335.9 2.0 8.8 >10 18.01 0.49
Stock @ 150g; harvest @ 1.4kg 68.2 524.5 -105.9 7.8 12.6 10 19.18 1.88
BMP #3/ Market #2
Stock @ 100g; harvest @ 1.0kg 46.8 432.3 -359.2 1.4 8.3 >10 18.09 0.37
Stock @ 100g; harvest @ 1.2kg 72.0 540.9 -236.4 5.1 10.4 10 19.79 1.25
Stock @ 100g; harvest @ 1.4kg NA NA NA NA NA NA NA NA
Stock @ 125g; harvest @ 1.0kg 40.1 403.7 -11.8 9.7 12.1 9 16.89 1.79
Stock @ 125g; harvest @ 1.2kg 48.7 440.8 192.5 14.1 16.8 7 17.88 3.18
Stock @ 125g; harvest @ 1.4kg 70.6 535.1 374.1 17.0 18.5 6 19.27 4.36
Stock @ 150g; harvest @ 1.0kg 38.8 398.0 188.9 16.0 11.7 6 16.66 2.38
Stock @ 150g; harvest @ 1.2kg 48.4 439.2 210.5 14.5 17.0 7 17.78 3.26
Stock @ 150g; harvest @ 1.4kg 68.2 524.5 433.8 18.1 19.4 6 18.96 4.64
BMP #3/ Market #3
Stock @ 100g; harvest @ 1.0kg 46.8 432.3 205.3 14.4 16.8 7 17.77 3.22
Stock @ 100g; harvest @ 1.2kg 72.0 540.9 320.4 16.0 17.6 6 19.49 4.08
Stock @ 100g; harvest @ 1.4kg NA NA NA NA NA NA NA NA
Stock @ 125g; harvest @ 1.0kg 40.1 403.7 573.5 23.7 20.0 5 16.58 4.68
Stock @ 125g; harvest @ 1.2kg 48.7 440.8 742.7 24.6 23.2 5 17.62 5.98
Stock @ 125g; harvest @ 1.4kg 70.6 535.1 920.7 26.0 24.2 4 19.03 7.15
Stock @ 150g; harvest @ 1.0kg 38.8 398.0 797.3 33.6 19.5 4 16.38 5.31
Stock @ 150g; harvest @ 1.2kg 48.4 439.2 756.8 24.9 23.3 5 17.55 6.02
Stock @ 150g; harvest @ 1.4kg 68.2 524.5 973.6 26.9 24.9 4 18.75 7.39
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BMP/Risk scenarios - 100 tonne system Max. Capex NPV IRR PM Payback Production Profit
biomass period cost (pre-tax)
(tonnes) ($ ,000s) ($ ,000s) (%) (%) (yrs) ($/kg) ($/kg)
BMP #1/Market #1
Stock @ 100g; harvest @ 1.0kg 95.2 1050.2 NA NA NA NA NA NA
Stock @ 100g; harvest @ 1.2kg 144.5 1474.8 NA NA NA NA NA NA
Stock @ 100g; harvest @ 1.4kg NA NA NA NA NA NA NA NA
Stock @ 125g; harvest @ 1.0kg 82.5 941.6 NA NA NA NA NA NA
Stock @ 125g; harvest @ 1.2kg 98.3 1077.4 NA NA NA NA NA NA
Stock @ 125g; harvest @ 1.4kg 141.7 1450.7 NA NA NA NA NA NA
Stock @ 150g; harvest @ 1.0kg 78.1 903.7 NA NA NA NA NA NA
Stock @ 150g; harvest @ 1.2kg 97.7 1072.1 NA NA NA NA NA NA
Stock @ 150g; harvest @ 1.4kg 136.8 1408.7 NA NA NA NA NA NA
BMP #1/ Market #2
Stock @ 100g; harvest @ 1.0kg 95.2 1050.2 NA NA NA NA NA NA
Stock @ 100g; harvest @ 1.2kg 144.5 1474.8 NA NA NA NA NA NA
Stock @ 100g; harvest @ 1.4kg NA NA NA NA NA NA NA NA
Stock @ 125g; harvest @ 1.0kg 82.5 941.6 NA NA NA NA NA NA
Stock @ 125g; harvest @ 1.2kg 98.3 1077.4 -643.3 3.4 9.7 >10 20.19 0.87
Stock @ 125g; harvest @ 1.4kg 141.7 1450.7 -413.8 6.5 12.0 10 21.70 1.93
Stock @ 150g; harvest @ 1.0kg 78.1 903.7 -384.9 4.1 5.9 >10 18.36 0.67
Stock @ 150g; harvest @ 1.2kg 97.7 1072.1 -453.9 5.4 11.2 10 19.70 1.34
Stock @ 150g; harvest @ 1.4kg 136.8 1408.7 -103.6 9.1 14.1 9 20.93 2.67
BMP #1/ Market #3
Stock @ 100g; harvest @ 1.0kg 95.2 1050.2 -759.2 2.1 8.4 >10 20.44 0.55
Stock @ 100g; harvest @ 1.2kg 144.5 1474.8 -681.7 4.2 9.9 >10 22.30 1.26
Stock @ 100g; harvest @ 1.4kg NA NA NA NA NA NA NA NA
Stock @ 125g; harvest @ 1.0kg 82.5 941.6 186.8 12.1 13.4 8 18.75 2.51
Stock @ 125g; harvest @ 1.2kg 98.3 1077.4 474.1 14.4 17.1 7 19.89 3.71
Stock @ 125g; harvest @ 1.4kg 141.7 1450.7 696.1 15.4 18.3 6 21.41 4.76
Stock @ 150g; harvest @ 1.0kg 78.1 903.7 843.7 21.8 14.4 5 18.05 3.64
Stock @ 150g; harvest @ 1.2kg 97.7 1072.1 649.5 16.0 18.2 6 19.44 4.13
Stock @ 150g; harvest @ 1.4kg 136.8 1408.7 985.5 17.6 20.2 6 20.70 5.45
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BMP/Risk scenarios - 100 tonne system Max. Capex NPV IRR PM Payback Production Profit
biomass period cost (pre-tax)
(tonnes) ($ ,000s) ($ ,000s) (%) (%) (yrs) ($/kg) ($/kg)
BMP #2/Market #1
Stock @ 100g; harvest @ 1.0kg 94.2 771.5 NA NA NA NA NA NA
Stock @ 100g; harvest @ 1.2kg 143.9 1057.1 NA NA NA NA NA NA
Stock @ 100g; harvest @ 1.4kg NA NA NA NA NA NA NA NA
Stock @ 125g; harvest @ 1.0kg 81.2 697.0 NA NA NA NA NA NA
Stock @ 125g; harvest @ 1.2kg 97.7 791.6 NA NA NA NA NA NA
Stock @ 125g; harvest @ 1.4kg 141.2 1041.5 -609.3 3.5 9.3 >10 20.23 0.85
Stock @ 150g; harvest @ 1.0kg 77.6 676.4 NA NA NA NA NA NA
Stock @ 150g; harvest @ 1.2kg 97.1 788.4 NA NA NA NA NA NA
Stock @ 150g; harvest @ 1.4kg 136.4 1013.7 -384.4 5.9 11.1 10 19.66 1.40
BMP #2/ Market #2
Stock @ 100g; harvest @ 1.0kg 94.2 771.5 NA NA NA NA NA NA
Stock @ 100g; harvest @ 1.2kg 143.9 1057.1 -815.0 1.2 7.5 >10 20.69 0.35
Stock @ 100g; harvest @ 1.4kg NA NA NA NA NA NA NA NA
Stock @ 125g; harvest @ 1.0kg 81.2 697.0 -220.6 6.9 9.9 10 17.51 1.17
Stock @ 125g; harvest @ 1.2kg 97.7 791.6 165.7 11.9 14.7 8 18.55 2.51
Stock @ 125g; harvest @ 1.4kg 141.2 1041.5 490.9 14.7 16.6 7 19.97 3.66
Stock @ 150g; harvest @ 1.0kg 77.6 676.4 282.5 15.0 10.4 7 17.04 1.99
Stock @ 150g; harvest @ 1.2kg 97.1 788.4 277.0 13.1 15.5 7 18.26 2.78
Stock @ 150g; harvest @ 1.4kg 136.4 1013.7 699.3 16.7 18.1 6 19.44 4.16
BMP #2/ Market #3
Stock @ 100g; harvest @ 1.0kg 94.2 771.5 124.3 11.4 14.1 8 18.61 2.37
Stock @ 100g; harvest @ 1.2kg 143.9 1057.1 307.2 13.0 15.1 7 20.37 3.20
Stock @ 100g; harvest @ 1.4kg NA NA NA NA NA NA NA NA
Stock @ 125g; harvest @ 1.0kg 81.2 697.0 959.2 22.4 18.1 5 17.18 4.08
Stock @ 125g; harvest @ 1.2kg 97.7 791.6 1272.5 23.2 21.4 5 18.27 5.33
Stock @ 125g; harvest @ 1.4kg 141.2 1041.5 1591.3 24.2 22.5 5 19.70 6.48
Stock @ 150g; harvest @ 1.0kg 77.6 676.4 1504.5 34.7 18.3 4 16.75 4.94
Stock @ 150g; harvest @ 1.2kg 97.1 788.4 1374.6 24.2 22.0 5 18.02 5.55
Stock @ 150g; harvest @ 1.4kg 136.4 1013.7 1783.0 25.9 23.7 5 19.22 6.93
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BMP/Risk scenarios - 100 tonne system Max. Capex NPV IRR PM Payback Production Profit
biomass period cost (pre-tax)
(tonnes) ($ ,000s) ($ ,000s) (%) (%) (yrs) ($/kg) ($/kg)
BMP #3/Market #1
Stock @ 100g; harvest @ 1.0kg 93.5 633.6 NA NA NA NA NA NA
Stock @ 100g; harvest @ 1.2kg 144.0 850.8 NA NA NA NA NA NA
Stock @ 100g; harvest @ 1.4kg NA NA NA NA NA NA NA NA
Stock @ 125g; harvest @ 1.0kg 80.1 576.0 NA NA NA NA NA NA
Stock @ 125g; harvest @ 1.2kg 97.4 650.2 -297.6 6.0 10.9 10 17.41 1.11
Stock @ 125g; harvest @ 1.4kg 141.3 839.2 74.7 10.9 13.6 8 18.79 2.30
Stock @ 150g; harvest @ 1.0kg 77.6 565.0 -418.8 0.9 4.2 >10 16.22 0.15
Stock @ 150g; harvest @ 1.2kg 96.7 647.5 -252.0 6.6 11.2 10 17.28 1.22
Stock @ 150g; harvest @ 1.4kg 136.4 818.0 208.0 12.4 14.7 8 18.45 2.62
BMP #3/ Market #2
Stock @ 100g; harvest @ 1.0kg 93.5 633.6 -298.5 6.0 10.7 10 17.37 1.10
Stock @ 100g; harvest @ 1.2kg 144.0 850.8 -52.9 9.4 12.5 9 19.05 1.98
Stock @ 100g; harvest @ 1.4kg NA NA NA NA NA NA NA NA
Stock @ 125g; harvest @ 1.0kg 80.1 576.0 393.9 15.9 14.4 7 16.18 2.51
Stock @ 125g; harvest @ 1.2kg 97.4 650.2 801.7 19.6 18.9 6 17.15 3.91
Stock @ 125g; harvest @ 1.4kg 141.3 839.2 1168.0 22.2 20.4 5 18.54 5.09
Stock @ 150g; harvest @ 1.0kg 77.6 565.0 797.8 25.3 14.1 5 15.94 3.09
Stock @ 150g; harvest @ 1.2kg 96.7 647.5 840.8 20.1 19.1 5 17.05 3.99
Stock @ 150g; harvest @ 1.4kg 136.4 818.0 1287.5 23.4 21.3 5 18.23 5.37
BMP #3/ Market #3
Stock @ 100g; harvest @ 1.0kg 93.5 633.6 830.6 20.0 18.9 6 17.05 3.94
Stock @ 100g; harvest @ 1.2kg 144.0 850.8 1060.8 21.1 19.5 5 18.76 4.81
Stock @ 100g; harvest @ 1.4kg NA NA NA NA NA NA NA NA
Stock @ 125g; harvest @ 1.0kg 80.1 576.0 1563.6 31.7 22.1 4 15.87 5.39
Stock @ 125g; harvest @ 1.2kg 97.4 650.2 1901.0 31.1 25.1 4 16.89 6.71
Stock @ 125g; harvest @ 1.4kg 141.3 839.2 2261.4 31.9 25.9 4 18.29 7.89
Stock @ 150g; harvest @ 1.0kg 77.6 565.0 2014.3 46.8 21.6 3 15.67 6.02
Stock @ 150g; harvest @ 1.2kg 96.7 647.5 1933.5 31.5 25.2 4 16.82 6.75
Stock @ 150g; harvest @ 1.4kg 136.4 818.0 2367.0 33.0 26.6 4 18.02 8.13
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BMP/Risk scenarios - 200 tonne system Max. Capex NPV IRR PM Payback Production Profit
biomass period cost (pre-tax)
(tonnes) ($ ,000s) ($ ,000s) (%) (%) (yrs) ($/kg) ($/kg)
BMP #1/Market #1
Stock @ 100g; harvest @ 1.0kg 190.2 1868.8 NA NA NA NA NA NA
Stock @ 100g; harvest @ 1.2kg 288.9 2718.7 NA NA NA NA NA NA
Stock @ 100g; harvest @ 1.4kg NA NA NA NA NA NA NA NA
Stock @ 125g; harvest @ 1.0kg 165.1 1652.2 NA NA NA NA NA NA
Stock @ 125g; harvest @ 1.2kg 196.5 1923.1 NA NA NA NA NA NA
Stock @ 125g; harvest @ 1.4kg 283.3 2670.3 NA NA NA NA NA NA
Stock @ 150g; harvest @ 1.0kg 156.3 1576.5 NA NA NA NA NA NA
Stock @ 150g; harvest @ 1.2kg 195.3 1912.4 NA NA NA NA NA NA
Stock @ 150g; harvest @ 1.4kg 273.6 2586.4 -1965.5 0.6 7.7 >10 20.80 0.26
BMP #1/ Market #2
Stock @ 100g; harvest @ 1.0kg 190.2 1868.8 NA NA NA NA NA NA
Stock @ 100g; harvest @ 1.2kg 288.9 2718.7 NA NA NA NA NA NA
Stock @ 100g; harvest @ 1.4kg NA NA NA NA NA NA NA NA
Stock @ 125g; harvest @ 1.0kg 165.1 1652.2 NA NA NA NA NA NA
Stock @ 125g; harvest @ 1.2kg 196.5 1923.1 -868.3 5.3 10.8 10 19.83 1.23
Stock @ 125g; harvest @ 1.4kg 283.3 2670.3 -407.8 8.2 12.9 10 21.33 2.29
Stock @ 150g; harvest @ 1.0kg 156.3 1576.5 -350.0 7.1 7.1 10 18.00 1.03
Stock @ 150g; harvest @ 1.2kg 195.3 1912.4 -490.0 7.4 12.2 10 19.34 1.70
Stock @ 150g; harvest @ 1.4kg 273.6 2586.4 212.7 10.9 15.1 8 20.57 3.03
BMP #1/ Market #3
Stock @ 100g; harvest @ 1.0kg 190.2 1868.8 -1099.7 4.0 9.5 >10 20.08 0.91
Stock @ 100g; harvest @ 1.2kg 288.9 2718.7 -943.5 5.8 10.8 10 21.94 1.63
Stock @ 100g; harvest @ 1.4kg NA NA NA NA NA NA NA NA
Stock @ 125g; harvest @ 1.0kg 165.1 1652.2 793.4 14.8 14.4 7 18.39 2.87
Stock @ 125g; harvest @ 1.2kg 196.5 1923.1 1365.7 16.6 18.0 6 19.53 4.07
Stock @ 125g; harvest @ 1.4kg 283.3 2670.3 1812.1 17.3 19.2 6 21.05 5.13
Stock @ 150g; harvest @ 1.0kg 156.3 1576.5 2107.4 25.9 15.5 4 17.70 3.99
Stock @ 150g; harvest @ 1.2kg 195.3 1912.4 1715.8 18.3 19.2 6 19.08 4.49
Stock @ 150g; harvest @ 1.4kg 273.6 2586.4 2390.9 19.5 21.0 5 20.33 5.81
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BMP/Risk scenarios - 200 tonne system Max. Capex NPV IRR PM Payback Production Profit
biomass period cost (pre-tax)
(tonnes) ($ ,000s) ($ ,000s) (%) (%) (yrs) ($/kg) ($/kg)
BMP #2/Market #1
Stock @ 100g; harvest @ 1.0kg 188.4 1312.1 NA NA NA NA NA NA
Stock @ 100g; harvest @ 1.2kg 288.0 1883.9 NA NA NA NA NA NA
Stock @ 100g; harvest @ 1.4kg NA NA NA NA NA NA NA NA
Stock @ 125g; harvest @ 1.0kg 162.3 1162.6 NA NA NA NA NA NA
Stock @ 125g; harvest @ 1.2kg 195.4 1352.7 -1461.2 0.0 7.2 >10 18.46 0.06
Stock @ 125g; harvest @ 1.4kg 282.6 1852.8 -797.0 5.5 10.4 10 19.86 1.22
Stock @ 150g; harvest @ 1.0kg 155.2 1121.8 NA NA NA NA NA NA
Stock @ 150g; harvest @ 1.2kg 194.2 1345.9 -1221.3 1.8 8.3 >10 18.13 0.37
Stock @ 150g; harvest @ 1.4kg 272.7 1796.5 -348.9 8.1 12.1 10 19.30 1.76
BMP #2/ Market #2
Stock @ 100g; harvest @ 1.0kg 188.4 1312.1 NA NA NA NA NA NA
Stock @ 100g; harvest @ 1.2kg 288.0 1883.9 -1208.9 3.1 8.5 >10 20.32 0.71
Stock @ 100g; harvest @ 1.4kg NA NA NA NA NA NA NA NA
Stock @ 125g; harvest @ 1.0kg 162.3 1162.6 -23.0 9.8 11.1 9 17.16 1.53
Stock @ 125g; harvest @ 1.2kg 195.4 1352.7 753.6 14.5 15.7 7 18.18 2.88
Stock @ 125g; harvest @ 1.4kg 282.6 1852.8 1404.7 17.1 17.6 6 19.60 4.03
Stock @ 150g; harvest @ 1.0kg 155.2 1121.8 984.9 19.6 11.6 6 16.68 2.35
Stock @ 150g; harvest @ 1.2kg 194.2 1345.9 973.9 15.8 16.5 6 17.89 3.14
Stock @ 150g; harvest @ 1.4kg 272.7 1796.5 1818.5 19.2 19.0 6 19.07 4.53
BMP #2/ Market #3
Stock @ 100g; harvest @ 1.0kg 188.4 1312.1 668.5 14.1 15.1 7 18.25 2.74
Stock @ 100g; harvest @ 1.2kg 288.0 1883.9 1036.5 15.3 16.1 7 20.00 3.57
Stock @ 100g; harvest @ 1.4kg NA NA NA NA NA NA NA NA
Stock @ 125g; harvest @ 1.0kg 162.3 1162.6 2335.7 26.3 19.2 5 16.82 4.44
Stock @ 125g; harvest @ 1.2kg 195.4 1352.7 2968.3 26.4 22.4 5 17.90 5.70
Stock @ 125g; harvest @ 1.4kg 282.6 1852.8 3606.4 26.9 23.3 4 19.33 6.85
Stock @ 150g; harvest @ 1.0kg 155.2 1121.8 3429.0 41.4 19.4 3 16.39 5.30
Stock @ 150g; harvest @ 1.2kg 194.2 1345.9 3169.1 27.5 23.0 4 17.65 5.92
Stock @ 150g; harvest @ 1.4kg 272.7 1796.5 3986.0 28.7 24.5 4 18.85 7.29
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BMP/Risk scenarios - 200 tonne system Max. Capex NPV IRR PM Payback Production Profit
biomass period cost (pre-tax)
(tonnes) ($ ,000s) ($ ,000s) (%) (%) (yrs) ($/kg) ($/kg)
BMP #3/Market #1
Stock @ 100g; harvest @ 1.0kg 187.0 1036.1 NA NA NA NA NA NA
Stock @ 100g; harvest @ 1.2kg 288.0 1470.7 NA NA NA NA NA NA
Stock @ 100g; harvest @ 1.4kg NA NA NA NA NA NA NA NA
Stock @ 125g; harvest @ 1.0kg 160.3 921.0 NA NA NA NA NA NA
Stock @ 125g; harvest @ 1.2kg 194.7 1069.4 -175.2 8.7 12.1 10 18.52 1.47
Stock @ 125g; harvest @ 1.4kg 282.6 1447.4 569.2 13.4 14.7 7 18.42 2.66
Stock @ 150g; harvest @ 1.0kg 155.2 899.0 -417.7 5.0 5.6 10.0 15.86 0.51
Stock @ 150g; harvest @ 1.2kg 193.5 1063.9 -84.0 9.4 12.4 9 16.92 1.58
Stock @ 150g; harvest @ 1.4kg 272.7 1405.0 835.8 15.0 15.8 7 18.08 2.98
BMP #3/ Market #2
Stock @ 100g; harvest @ 1.0kg 187.0 1036.1 -177.2 8.7 11.9 10 17.01 1.46
Stock @ 100g; harvest @ 1.2kg 288.0 1470.7 314.1 11.9 13.6 8 18.69 2.35
Stock @ 100g; harvest @ 1.4kg NA NA NA NA NA NA NA NA
Stock @ 125g; harvest @ 1.0kg 160.3 921.0 1207.7 19.9 15.6 6 15.82 2.87
Stock @ 125g; harvest @ 1.2kg 194.7 1069.4 2023.3 23.0 19.9 5 16.79 4.27
Stock @ 125g; harvest @ 1.4kg 282.6 1447.4 2755.9 25.2 21.4 5 18.17 5.46
Stock @ 150g; harvest @ 1.0kg 155.2 899.0 2015.4 31.9 15.2 4 15.59 3.45
Stock @ 150g; harvest @ 1.2kg 193.5 1063.9 2101.4 23.5 20.1 5 16.69 4.35
Stock @ 150g; harvest @ 1.4kg 272.7 1405.0 2994.9 26.6 22.2 5 17.87 5.74
BMP #3/ Market #3
Stock @ 100g; harvest @ 1.0kg 187.0 1036.1 2081.0 23.5 19.9 5 16.68 4.31
Stock @ 100g; harvest @ 1.2kg 288.0 1470.7 2541.4 24.1 20.5 5 18.39 5.18
Stock @ 100g; harvest @ 1.4kg NA NA NA NA NA NA NA NA
Stock @ 125g; harvest @ 1.0kg 160.3 921.0 3547.1 37.1 23.1 4 15.51 5.75
Stock @ 125g; harvest @ 1.2kg 194.7 1069.4 4221.9 35.3 26.1 4 16.53 7.07
Stock @ 125g; harvest @ 1.4kg 282.6 1447.4 4942.6 35.5 26.7 4 17.92 8.25
Stock @ 150g; harvest @ 1.0kg 155.2 899.0 4448.5 56.6 22.6 3 15.31 6.38
Stock @ 150g; harvest @ 1.2kg 193.5 1063.9 4286.9 35.7 26.2 4 16.45 7.12
Stock @ 150g; harvest @ 1.4kg 272.7 1405.0 5154.0 36.7 27.4 4 17.65 8.49
